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ABSTRACT
Molecular recognition in molecularly imprinting polymers (MIPs) is governed by
two mechanisms: pre-organization of functional groups and shape specificity of the
binding site. While pre-organization of functional groups has been studied extensively,
shape specificity of the binding site has not been rigorously explored. The goal of this
research is to determine the influence of shape specificity on molecular recognition in
MIPs (Chapter 2). Once shape selectivity was proven to play a vital role in molecular
recognition, it was important to determine if pre-organization of functional groups or
shape specificity was the dominating factor in determining molecular recognition in the
binding site (Chapter 3).
Chapters 4 and 5 contain research that is not directly related to shape selectivity or
pre-organization of functional groups in MIPs, but is nevertheless important to the field
of molecular imprinting and synthetic methodology. A survey of commercially available
basic functional monomers was conducted with the goal of making MIPs with acidic
compounds as templates. The effect of particle size and flow rate on binding selectivity
was investigated for both classic ethylene glycol dimethacrylate (EGDMA)/methacrylic
acid (MAA) MIPs and new 2-(methacryloylamine)ethyl-2-methacrylate (NOBE) MIPs.
Thin-layer and centrifugally accelerated radial chromatographic experiments were done
with MIPs as the stationary phase. A preliminary investigation into the use of quaternary
ammonium salts as templates in MIP experiments was conducted. Synthetic methodology
involving palladium catalyzed cross couplings is detailed in Chapter 5.

viii

CHAPTER 1. INTRODUCTION TO MOLECULARLY IMPRINTED
POLYMERS
1.1 Molecularly Imprinted Polymers
Molecular imprinting is a technique that utilizes highly cross linked polymers to
create an artificial receptor with molecular recognition characteristics (Figure 1.1). A prepolymer complex is formed between the template and the functional monomer(s). This
complex will involve either covalent or noncovalent interactions between the template
and functional monomer.1,2 The pre-polymer complex is then copolymerized with a cross

Figure 1.1. Outline of the synthesis of molecularly imprinted polymers.
1

linking monomer, such as ethylene glycol dimethacrylate or divinyl benzene, to produce
a highly cross linked polymer. Upon extraction of the template, the cross linked polymer
exhibits sites with molecular recognition properties when the template is used in
rebinding studies.
1.2 Molecular Imprinting Mechanism
The underlying mechanism of the binding site formation of a molecularly
imprinted polymer (MIP) has two different elements that give rise to molecular
recognition:
•

Pre-organization of functional groups

•

Shape specificity of the binding site

Pre-organization of functional groups and its importance in molecular recognition has
been investigated by numerous research groups, while shape selectivity has been
investigated to a lesser degree. In order to rationally design MIPs, the roles of both preorganization and shape selectivity must be understood.
1.3 Solid Phase Studies of Pre-organization in MIPs
1.3.1 Distance of Functional Groups
One aspect of pre-organization is the role that distance of functional groups in the
binding site plays in molecular recognition. Wulff et al.3 have found that the placement of
functional groups is important for selectivity. Compounds 1.1 and 1.2 (Figure 1.2) were
used as the functional monomers, with the template covalently attached, in MIPs to test
the effect of that distance had on selectivity. The templates were removed after
polymerization to afford binding sites with two different distances between the functional
groups (estimated to be 0.72 nm for compound 1.1 and 1.56 nm for compound 1.2).
Compound 1.3 was used as a functional monomer for a control MIP that would not have
2

prearranged distance between functional groups. The selectivity was calculated as the
selectivity factor, α, and corrected for nonspecific adsorption to the polymer with
statistically distributed amino groups (polymers made with monomer 1.3); e.g.:

α 4,5 =

K 4 / K 4 Stat
K 5 / K 5 Stat

(1.1)

where K4 = apparent binding constant for compound 1.4 on the polymer made with
monomer 1.1 or 1.2, and K4Stat = apparent binding constant for compound 1.4 on a
polymer made with monomer 1.3. As table 1.1 illustrates, the functional monomers in the
MIP are anticipated to remain the same distance apart after polymerization; furthermore,
each MIP will preferentially bind analytes that are similar in length to the compound that
H2
C N C
H

H2
C N C
H
1.1

H3CO
H2
C N C
H

H2
C N C
H
OCH3
1.2

H2
C N C
H

H(O)C

1.3

C(O)H

1.4

H3C
H(O)C

C(O)H

H(O)C

C(O)H

CH3
1.5

1.6

Figure 1.2 Compounds used by Wulff to study the effect functional group distance
played in selectivity.3
3

Table 1.1 Adapted from reference 3.
Polymera
Selectivityb
α1.4,1.6 = 5.37
α1.4,1.5 = 4.60
1
α1.6,1.4 = 1.81
α1.6,1.5 = 1.69
2
a
Polymer made using corresponding functional monomer from Figure 1.2 b From
equation 1.1.
was covalently imprinted. When monomer 1.1 was used, the data shows it preferentially
bound compound 1.4 over compound 1.5, which is larger than the template molecule
(compound 1.4 in this case). This effect was amplified when the selectivity of compound
1.4 was compared to that of compound 1.6, a larger compound. As the distance between
functional monomer was increased (using monomer 1.2), the polymer selectivity bound
the larger compound 1.6 over compounds 1.4 and 1.5. To eliminate any effects that shape
CH3
H3C O Si
CH3

N C
H

CH3
Si O CH3
CH3

C N
H

1.7
CH3
H3C O Si
CH3

N C
H

H2
C

C N
H

CH3
Si O CH3
CH3

1.8

H(O)C

H2
C

C(O)H

1.9

Figure 1.3 Modified silica compounds as functional monomers and template used for
selectivity, adapted from reference 3.
Table 1.2 Selectivity of modified silica, adapted from reference 3.
Compound
Selectivitya
Silica modified with 1.7
α1.4,1.9 = 1.74
Silica modified with 1.8
α1.9,1.4 = 1.67
a
Selectivity found by comparing binding capacity of different sized compounds, i.e. 1.4
to 1.9.

4

may play in selectivity, monomers 1.7 and 1.8 were attached to a silica surface; which
will not have a three dimensional cavity present, therefore no shape selectivity. The
modified silica surfaces (Table 1.2) preferentially bind the compound that matches the
distance between the functional groups. This early finding illustrated that preorganization of functional groups is a factor in determining selectivity when it comes to
distance between functional monomers in the binding site.
1.3.2 Position of Functional Groups
While distance was shown to be an important aspect of pre-organization of
functional groups, the complementary positioning of the functional groups in the binding
site is another key aspect of pre-organization. In another example, Shea used templates
covalently bound to the functional monomer (Figure 1.4) to explore the influence
functional group positioning played in MIPs.4 Compounds 1.10, 1.11 and 1.12 are the
functional monomers used with the templates 1.13, 1.14 and 1.15 attached to them. The
ratios in table 1.3 refer to the molar percentage of different substrate hydrolyzed from the

O
O

OO
OO

O
O
O

1.10

O

1.11

1.12

Figure 1.4 Functional monomers with covalently attached templates used for MIPs.
5

polymer following competitive binding experiments and were used to test the efficiency
of molecular recognition of the MIPs. A structural analogue to 1,3-diacetylbenzene
(1.14), 1,4-diacetylbenzene, was used as a diagnostic tool. Shea found that changes in the
carbonyl positioning on the template as well as diol placement on the functional
monomer would lead to differences in selectivity of MIPs (table 1.3). The MIP made with
1,3-diacetylbenzene (1.14) as a template would be able to selectively bind the template
over 1,4-diacetylbenzene, illustrating sensitivity to structure resolution by preorganization is 1Å (difference between diol spacing in the two compounds).
Table 1.3 Rebinding ratios and corrected selectivities (α) adapted from reference 4.
Template
Rebinding Substratea
1.13: 1.14
1.14:(1,4)
(1,4): 1.15
1.14: 1.15
O
60:40
45:55
65:35
60:40

1.13
O

40:60
(α1.14/1.13=
2.25)

O

1.14
O

a

58:42

80:20

(α1.14/(1,4)=
1.69)

(α(1,4)/1.15=
2.15)

85:15
(α1.14:1.15=
3.8)

75:25
(α1.15/(1,4)=
0.62)

70:30
(α1.15/1.14=
0.64)

O

1.15
1,4 is 1,4-diacetylbenzene, a structural analogue of 1.14.

Wulff showed that distance between the functional groups was important in
molecular recognition, but in one dimension because the study used flat molecules. This
study builds upon Wulff’s initial findings by showing that three dimensional placement
of the functional groups in the binding site is, in part, responsible for molecular
recognition, illustrating that pre-organization of functional groups is a mechanism for
molecular recognition in MIPs.

6

1.3.3 Conformational Flexibility of Functional Monomer
Wulff studied another aspect of pre-organization of functional monomers by
showing that conformational flexibility in functional monomers can adversely affect
selectivity.5 Using compound 1.17 (with compound 1.16 as the non-attached form) as a
covalently bond template, a series of MIPs was synthesized that utilized functional
monomers (Figure 1.5, compounds 1.18-1.25) with increasing amounts of conformational

OH

R
B
O
O

OH
OH
OH

O
O

O B R
O

O
O

1.16

1.17

R = Functional monomer shown below
B(OH)2

H2 H2
C C B(OH)2

B(OH)2

1.18

1.19

B(OH)2

1.20

O

B(OH)2

O

B(OH)2
O

O
1.21

1.22

HN

1.23

HN

B(OH)2

O

O
1.24

B(OH)2

1.25

Figure 1.5 Compounds used by Wulff to test the effect of rotation freedom of functional
monomer has on selectivity.5
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Table 1.4 Adapted from reference reference 5.
Polymera
Separation Factor, α
3.66
P1.18
2.25
P1.19
2.84
P1.20
2.57
P1.21
2.22
P1.22
1.64
P1.23
1.81
P1.24
1.64
P1.25
a
Polymer number refer to the compound used as a functional monomer from Figure 1.3.

HO

B

OH
B
OH

OH

HO
P1.18

O

HO

O

B

B

P1.19

O

O

OH
HO

P1.22

HO
OH
P1.20

O

B

HO

OH

P1.21

NH

B

B

OH

O

NH

OH
B
OH

OH

P1.23

P1.24

P1.25

Figure 1.6 Illustration of functional monomer conformational flexibility adapted from
reference 5.
flexibility. As Table 1.4 illustrates, the more conformational flexibility a functional
monomer has, the lower the selectivity will be. Since the template used has two binding
interactions, the functional monomers with a high degree of conformational flexibility
(Figure 1.6) have greater entropic effects to overcome for rebinding of the template. The
functional monomers with less conformational flexibility, such as compound 1.18, will
prevent loss of pre-organization provided by the template.
8

1.3.4 Number of Functional Groups
The type and number of functional groups present in the template molecule have
been shown to contribute to selectivity. Using phenylalanine derivatives as templates for
MIPs (figure 1.7), Sellergren systemically changed the functional groups on the templates
Hydrogen Bonding

Ion pair

H

H
N H

Ion pair

H

Ion pair

H
N H

O

H

H
N H

O

O

O

HN

1.26

1.27

1.28

α = 1.3

α = 2.0

α = 3.7

Hydrogen Bonding

HN

Hydrogen Bonding

Ion pair

Ion pair

H

H
N H

H
O

Hydrogen Bonding

O

O

H

N

Hydrogen Bonding

HN

H
1.29

H
N H

H
Hydrogen Bonding

N

H
1.30

α = 1.8

Hydrogen Bonding

α = 5.7

Figure 1.7 Adapted from reference 7.
to probe how this affected enantioselectivity.6,7 As the number of binding interactions
increased on the template, the enantioselectivity increased, with p-amino-phenylalanineanilide (1.30) having the highest separation factor (α=5.7). As the number of binding
groups on the template increased, the number of possible binding interactions increased.

9

With a greater the amount of possible binding interactions present, the amount of preorganization present in the MIP will be higher and will lead to an increase in selectivity.
1.3.5 Porogen Effects on MIPs
The choice of solvent also plays a role in molecular recognition of MIPs. Using a
wide range of porogens, Sellergren studied the effect that hydrogen bonding capacity of
the solvent had on enantioselectivity.6,8 MIPs were made in a variety of different solvents
with different hydrogen bonding capacities. L-phenylalanine anilide (1.28) was again
used as the template. As the hydrogen bonding capacity of the porogen increased, the
enantioselectivity of the given MIP was reduced. The pre-polymer complex (Figure 1.1),
which relies on electrostatic and hydrogen bonding interactions between the
template and functional monomers, is broken up as the hydrogen bounding capacity of
the porogen is increased. It is assumed that the higher the amount of pre-polymer
complex present, the more binding sites that will be present in the MIP. When the
number of binding sites is reduced, the selectivity of the MIP will be lower.
Table 1.5 Influence of porogen on structure and selectivity of MIPs, adapted from
reference 7.
Surface
Separation
Swelling
Solvent
Porogen
Hydrogen
Area
Factor,
(mL/mL)
Uptake
Bonding
(m2/g)
αa
(mL/g)
Capacity
MeCN
Poor
1.36
1.00
256
2.6
CHCl3
Poor
2.11
0.10
3.5
2.5
CH2Cl2
Poor
2.01
0.14
3.8
2.4
Benzene
Poor
1.55
0.91
216
2.4
THF
Moderate
1.84
0.53
194
1.5
DMF
Moderate
1.97
0.38
127
NR
IPA
Strong
1.10
1.14
49b
2.4c
HOAc
Strong
1.45
0.67
267
NR
a
o
b
Polymers were prepared at 15 C using compound 1.28 as a template. A larger surface
area is obtained with mercury porosimetry. c In other mobile phases, the selectivity is
lower than that obtained using the top four polymers.
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1.4 Solution Phase Studies of Pre-organization in MIPs.
1.4.1 Prediction by Gibbs Free Energy Equations
Pre-organization of the solution phase pre-polymer complex has been studied in
terms of thermodynamic energy for the rational prediction of MIP behavior. Nicholls9 has
used the following free energy equation to design MIP:
∆Gbind = ∆Gt + r + ∆G r + ∆G h + ∆Gvib + ∑ ∆G p + ∆Gconf + ∆GvdW

(1.2)

where the Gibbs free energy changes are: ∆Gbind, complex formation; ∆Gt+r, translational
and rotational; ∆Gr, restriction of rotors upon complexation; ∆Gh, hydrophobilic
interactions; ∆Gvib, residual vibrational modes; Σ∆Gp, sum of the polar group
contributions; ∆Gconf, adverse conformational changes; ∆GvdW, unfavorable van der
Waals interactions.
Nicholls relates this to MIP formation by using equation 1.3, which eliminates the
free energy of unfavorable van der Waals interactions and conformational strain because
the pre-polymer complex is assumed to be free of these adverse conditions under
thermodynamic control. If non-polar solvents and polymers are used, then the free energy
of hydrophobic effects can be eliminated and equation 1.4 can be used.
∆Gbind = ∆Gt + r + ∆Gr + ∆Gh + ∆Gvib + ∑ ∆G p

(1.3)

∆Gbind = ∆Gt + r + ∆G r + ∆Gvib + ∑ ∆G p

(1.4)

The equations take into account the pre-organization of functional groups in the solution
phase but neglect the role of shape selectivity, which is not present in the solution phase.
1.4.2 Computer Modeling of Pre-polymer Complex
Piletsky et al. has used a computational approach to design MIPs.10 Using a
virtual library of the most commonly used functional monomers, computer modeling was

11

used to design a MIP specific for cyanobacterial toxin microcystin-LR, a deadly toxin
from aquatic microorganisms. The computer modeled MIP outperformed the control
MAA/EGDMA MIP, and had sensitivity and affinity comparable to that of polyclonal
antibodies. The computer modeling was based on the formation of the pre-polymer
complex; and as is the case with using Gibbs free energy equations, it does not take into
account the role of shape selectivity in predicting MIP behavior.
1.5 Shape Selectivity in MIPs
1.5.1 Conformational Differences in the Template
While the effect that pre-organization of functional groups has on binding in MIPs
has been investigated, few rigorous studies have been done that investigate the role that
shape plays in selectivity. Sellergren used amino acid derivatives as molecular probes to
investigate if MIPs were able to recognize subtle structural differences in template
Table 1.6 Enantiomeric discrimination between: 1.) secondary and tertiary amides and
2.) primary and tertiary amines, adapted from reference 5.
MIP
Substrate Selectivity, α
Template
1.31
1.32
1.33
O
H2N

N
H

4.2

1.07

1.4

2.0

1.0

1.31
O
H2N

N
CH3

1.32
H3C

CH3 O
N

1.0

N
H

3.7

1.33
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molecules.6,11 In table 1.6, the MIPs were able to discriminate between compounds 1.31
and 1.32, with the only difference between the two compounds being the methyl group
attached to the amide. MIPs were also able to differentiate between the secondary and
tertiary amines of compounds 1.31 and 1.33. In both cases shown, the MIP resolved its
template molecular more efficiently than its structural analogue. Using L-phenylalanine
anilide (1.31) and L-phenylalanine-N-methyl-anilide (1.32), Sellergren showed via 1HNMR experiments that large conformational differences existed the two templates
(Figure 1.8). This hypothesized to give rise to two different shaped binding sites, and
shows that shape selectivity is important in molecular recognition in MIPs. While the
study does provide evidence for shape selectivity, the extent of the role that shape
selectivity plays in molecular recognition is not clearly defined.
O
O
N
H H

H
H
N
H

Me

N
H

1.31

H
H
N
H

1.32

Figure 1.8 Conformational difference between L-phenylalanine anilide (1.31) and Lphenylalanine-N-methyl-anilide (1.32) as found by 1H-NMR experiments, adapted from
reference 6.
1.5.2 Spivak/Campbell Study
A study published by Spivak and Campbell used primary and secondary amines
(Table 1.7) as molecular probes to determine the effect of steric and spatial contributions
on molecular recognition.12 Unlike the Sellergren study where two binding interactions
are available for the template,7 the templates contained only one binding group. Since it
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isgenerally accepted that enantioselectivity requires three points of contact between
substrate and receptor,13 the amine will only account for one binding interaction with the
others coming from steric and spatial factors present between the template molecule and
the matrix “walls” of the binding site. The findings from this study show trends that
indicate shape selectivity by the matrix can control selectivity by MIPs (Table 1.7).
While the larger templates (such as 1.34 and 1.36) were expected to have less selectivity
in the smaller binding sites (such as those created by the templates 1.33 and 1.35), the
reduced selectivity of the smaller analytes in the larger binding sites was somewhat
surprising. This indicates a relationship between the MIP selectivity and size of
hydrocarbon side chain on templates and has prompted the study in Chapter 2.
NH2
NH2
HN

1.33

1.34

1.35

H2N

H2N

HN

1.36

1.37

Figure 1.8 Structures of templates used by Spivak et al.12
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1.38

Table 1.7 Separation factors (α) for the different chiral amines on each imprinted
polymer.
Substrate Selectivity, α
MIP
1.33
1.34
1.35
1.36
1.37
1.20
1.00
1.00
1.00
MIP(1.33)
1.33
1.23
1.14
1.16
1.00
MIP(1.34)
1.58
1.00
1.00
1.78
1.00
MIP(1.35)
2.26
1.00
1.00
1.65
1.00
MIP(1.36)
3.25
1.05
1.03
1.00
1.05
MIP(1.37)
1.44
1.00
1.01
1.00
1.00
1.00
MIP(1.38)
1.00
1.00
1.00
1.00
1.00
Control

1.38
1.00
1.07
1.00
1.00
1.01
1.00
1.00

1.6 Contributions to Molecular Imprinting
The goal of this research is to better define the underlying principles of molecular
imprinting to facilitate a more rational design of future MIPs. To accomplish this, a
comprehensive study was done to determine the role of shape selectivity in the binding
study in Chapter 2. Enantioselectivity will be used to measure the imprinting effect since
it eliminates all partition effects and only takes into account the three dimensional
arrangement of atoms. Once shape selectivity was proven to play a vital role in molecular
recognition, it was important to determine if pre-organization of functional groups or
shape specificity was the dominating factor in determining molecular recognition in the
binding site (Chapter 3). Chapter 4 includes important studies on MIPs such as functional
monomer design, particle size effects, and investigation of new template motifs. Chapter
5 describes synthetic methodology development explored prior to development of MIPs.
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CHAPTER 2. EVIDENCE OF SHAPE SELECTIVITY IN NONCOVALENT
MOLECULARLY IMPRINTED POLYMERS
2.1 Introduction
An in-depth study of the principles governing molecular recognition in MIPs
would allow for improved performance of future materials and more logical design of
MIPs.14 The first step in the imprinting process is the formation of a pre-polymer
complex between a functional monomer and a template molecule. The pre-polymer
complex has been studied for solution phase complexes, which have been correlated to
molecular recognition in MIPs to determine the extent of binding, stoichiometry, and
importance of conformational details.15-17 Computational methods are also being
developed to determine optimum functional monomers for solution phase pre-polymers
complexes.18 Molecular probes have been used to investigate the cross reactivity of
MIPs.19-22 Template rebinding to the binding site has been studied through analysis of
binding isotherms, which can be used to determine binding affinities and describe the
heterogeneous distribution of the binding affinities present in the imprinted polymer.23-26
While this information provides valuable data on the nature of binding affinities and
distributions, the actual structure of the binding site has not been determined due to the
amorphous nature of the polymers and heterogeneous distribution of binding sites
structures which can not be examined by X-ray crystallography or microscopic
techniques. Despite this, the molecular imprinting process has been shown to create
selective binding sites in the literature.27-29
The model of the binding site presented in Fig. 1.1 is based on the solution phase
studies of the pre-polymer complex. The site is assumed to contain the following
elements:
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•

Pre-organization of functional groups

•

A shape selective binding cavity that is complementary to the shape of the
templated molecule

While these concepts have been shown to be responsible for selectivity in biological
molecules,30 small molecular receptors,31 and some covalent32-34 and noncovalent
MIPs, , ,35 the role of these molecular recognition elements has not been rigorously proven
21

22

for molecularly imprinted polymers. To facilitate a systematic study of the role of shape
selectivity in MIPs, a series of structurally similar molecular probes were synthesized and
imprinted.
The steric and geometric aspects of non-covalent imprinted polymers have been
previously studied by the Spivak research group.12 The study indicated a strong
relationship between MIP selectivity and size of the hydrocarbon side chain. To
investigate this relationship further, a complete study was conducted on a larger series of
molecular probes (Fig. 2.1). The MIP formulation was chosen to match the previous
study employing the commonly used components methacrylic acid (MAA) as the
functional monomer and ethyleneglycol dimethacrylate (EGDMA) as the cross-linking
monomer.12 The templates for this study were carefully chosen to illicit a better
understanding of the shape selectivity properties in the binding sites of MIPs. Design
features of the templates incorporated a single amine functional group in order to
promote interaction with the MAA functional monomer. The single functional group on
the template was to insure that more varied and complicated pre-polymer complexes were
not present. Since there is a single functional group, all recognition (α) is due to shape
selectivity of the binding site. The templates only differed in the size and shape of one of
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the side chains adjacent to the amine functional group. This would attribute any
differences in binding behavior observed to the spatial considerations of the side chain.
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H
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H

2.8
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N
H

N
H

2.11

2.12

Figure 2.1 Family of molecular probes based on α-methylbenzylamine used for studying
MIP binding site structures.
2.2 Results and Discussion
This study on shape selectivity was conducted using the previously established
method of analyzing each molecular probe on each imprinted polymer by HPLC.7,36 The
α values are presented in Table 2.1, with the bold numbers representing the α value of the
templated molecular probes. A number of informative trends were found from the table.
First, the maximum α value for each polymer (shown in bold) was found for the
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templated molecule (except for compound 12, which will be discussed later). This finding
is in agreement with other cross-reactivity studies on MIPs in the literature which show
that the polymer has preferential binding for the templated molecule.36
As the size of the side chain on the analytes becomes larger (analyte entries to the
right of the bold value) than the imprinted molecule, the analytes showed reduced
selectivity on that MIP. This indicates a steric exclusion effect for analytes larger than the
imprinted analyte. The term “larger” refers to two different sets of circumstances. First, if
the given analyte has too many carbon atoms to fit into the space allotted by the template
molecule, then the steric effect arises from its size. Second, if the topological (e.g.
branching, shown in Figure 2.2) arrangement of atoms in an analyte is too big to fit into
the allotted space, then its steric exclusion is a result of the shape of the molecule. While
the two compounds in Figure 2.2 contain the same number of carbons on the aliphatic
Table 2.1. Separation factor (α) for the enantioselectivity of each molecular probe on
each imprinted polymera
Imprinted
Analyteb
polymer
2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 2.10 2.11 2.12
(MIP)c
2.1
1.38 1.37 1.26 1.13 1.09 1.17 1.02 1.11 1.02 1.09 1.01 1.00
1.22 1.51 1.32 1.25 1.29 1.28 1.17 1.24 1.29 1.34 1.16 1.17
2.2
1.18 1.38 1.43 1.39 1.42 1.38 1.19 1.31 1.31 1.35 1.26 1.23
2.3
1.04 1.86 1.43 2.41 1.77 1.64 1.15 1.38 1.83 1.40 1.63 1.27
2.4
1.17 1.50 1.45 1.18 1.66 1.60 1.08 1.50 1.57 1.37 1.58 1.21
2.5
1.04 1.32 1.58 1.44 1.48 1.65 1.33 1.42 1.56 1.24 1.55 1.21
2.6
1.03 1.27 1.24 1.28 1.24 1.39 1.52 1.26 1.27 1.29 1.28 1.11
2.7
1.19 1.35 1.28 1.29 1.41 1.37 1.23 1.42 1.27 1.35 1.31 1.20
2.8
1.10 1.58 1.50 1.84 1.39 1.45 1.10 1.54 1.94 1.39 1.83 1.37
2.9
1.09 1.45 1.29 1.36 1.43 1.39 1.31 1.32 1.22 1.49 1.24 1.26
2.10
1.14 1.35 1.39 1.76 1.53 1.54 1.32 1.85 1.85 1.44 2.53 1.29
2.11
1.06 1.39 1.26 1.31 1.38 1.38 1.08 1.37 1.33 1.47 1.20 1.20
2.12
Control 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
a
HPLC assay conditions: mobile phase = 93/5/2 acetonitrile/water/acetic acid; flow rate,
1 mL/min. b Analyte refers to the number of the analyte in Fig. 2.1. c Imprinted polymers
are identified by the compound from Fig. 2.1 that was used as a template.
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side chain, the two chains are structural isomers of each other and will not bind to an MIP
the same due to steric exclusion.
The effect of size can be seen in Table 2.1, as the α values above the bold
diagonal line are smaller than the imprinted analyte. As the number of carbons in the side
chain of the analyte increases beyond the number in the template imprinted, the
selectivity for that analyte decreased. The trend is defined as the larger the side chain
becomes, the larger the decrease in selectivity is observed. This can be attributed to steric
exclusion of the larger analyte from the binding site formed by the imprinted analyte.
The effect of shape selectivity is most clearly seen for analytes that are similar in
size or smaller than the imprinted analyte. When the analyte is smaller than the imprinted
compound, the selectivity for that analyte is reduced on that polymer. The reduced
selectivity in this instance is due to the interactions between the analyte and the binding
site cavity. To achieve chiral selectivity, at least three binding points must be present in
the binding site of the MIP.37-39 While the carboxylate functional group present in the
binding site will account for the strongest binding interaction with the amine on the
molecular probes, the hydrocarbon side chain on the molecular probe will interact with
the matrix walls of the binding site through Van der Waals interactions. When the
imprinted compound is used as a molecular probe, the Van der Waals interactions are

Figure 2.2. Illustration of steric exclusion as a result of topological arrangement of
atoms.
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Figure 2.3. Rebinding of different molecular probes in a MIP.
maximized and result in the highest observed selectivity for that polymer. This is what is
referred to as “optimal spatial fit” (OSF). When a molecular probe is analyzed on a
polymer that was imprinted with a compound that had a larger hydrocarbon side chain,
the selectivity for that probe is reduced. This is referred to as “non-optimal spatial fit”
(non-OSF). A cartoon representation of sterics, OSF and non-OSF is shown in Figure 2.3.
Shape selectivity is enhanced the closer distinguished features are to the primary
binding group. When the side chain on the analyte has a secondary carbon directly
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attached to the amine (compounds 2.4, 2.9 and 2.11), binding for the template α is higher
than the other template α values. The secondary carbon directly on the amine creates a
greater surface area near the primary binding group in the analyte, which is the amine in
compounds 2.1-2.12, and thus increases the amount of Van der Waals interactions near
the primary binding group. This effect is less pronounced as the branching point is moved
away from the primary binding group, as seen in the template α for compounds 2.6, 2.7,
and 2.8. This indicates that the binding site is structurally better defined when the
branching point is closer to the point of binding (i.e. the amine).
The straight-chain octyl group in compound 2.12 presents a special case. Its
template α value is smaller than the values obtained for some of the other analytes on the
MIP. In general, most analytes on this MIP showed poor selectivity, and the analyte itself
did not bind well to other polymers. A possible explanation for this phenomenon may be
the large number of conformational states available for the n-octyl side chain in
compound 2.12. The side chain could adopt a straight configuration, a more ball like
configuration, or a number of variations in-between (Fig. 2.4). This could lead to a
variety of different binding sites being formed during polymerization, which would make
recognition difficult in rebinding studies. Another possible explanation is that the
compound is in the extended conformation during polymerization, which the n-octyl side

N
H

N
H

Figure 2.4. Possible configurations of (S)-(-)-N-(1-phenylethyl)octan-1-amine.
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would have trouble threading itself back into the binding site.
2.3 Conclusions
Molecular imprinting is governed by two mechanisms: pre-organization of
functional monomers and shape selectivity. To date, most of the work done in predicting
MIP behavior has arisen from studying the solution phase pre-organization of functional
groups, with little work being done to determine the role that shape plays in binding. The
shape selectivity of the MIP can not be determined through solution phase studies
because it only influences selectivity once the polymer has been formed. This study, as
well as the initial work down by the Spivak group,12 represents the first clear
unambiguous evidence for the role of shape selectivity in molecular recognition by MIPs.
The most important trend observed in the experiment was the influence of shape
in the binding site, which was found to effects molecular recognition in three ways: steric
exclusion, optimal spatial fit and non-optimal spatial fit. A non-imprinted analyte that is
too large to fit into the binding site of a MIP will have reduced selectivity on that MIP
due to steric exclusion. A non-imprinted analyte that is smaller than the imprinted
template of a MIP will have reduced selectivity on that MIP due to reduced Van der
Waals interactions between the polymer matrix and the analyte, which is referred to as
non-optimal spatial fit. The highest selectivity for a MIP will be found for the imprinted
template, which will have the most complementary shape to the binding site. This is
optimal spatial fit.
The results of this experiment show clear evidence of shape selectivity in the
binding site of MIPs and the effect that it has on molecular recognition. This finding will
allow for more rational design of MIPs, and has just begun to influence the field of
molecular imprinting.40-48 While shape selectivity has been shown to be mechanistically
23

important in molecular recognition in MIPs, it has yet to be determined if shape
selectivity or pre-organization of functional monomers is the dominating force in
molecular recognition in MIPs. This question is the basis for the research detailed in
Chapter 3.
2.4 Experimental
2.4.1 General
Ethylene glycol dimethacrylate (EGDMA, Polysciences) as received, was distilled
in vacuo (94 °C) over boiling chips prior to polymerization. Methacrylic acid (MAA,
Aldrich) was distilled over CaH2 (80 °C). (R)-(+)- α-methylbenzylamine, (S)-(-)- αmethylbenzylamine, (R)-(+)-N,α-dimethylbenzylamine, (S)-(-)-N,α-dimethylbenzylamine, butaldehyde, cyclohexanone, cyclopentanone, hexanal, isobutraldehyde,
isovaleraldehyde, octyl aldehyde, trimethyl acetaldehyde, 1-iodopropane, 2-iodopropane,
iodoethane, 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), and 2,2'azobisisobutyronitrile (AIBN) were all purchased from Aldrich Chemicals and used
without further purification. Sodium bicarbonate, MgSO4 and all solvents were HPLC
grade and obtained from Fisher Scientific. They were used without further purification.
2.4.2 Synthesis
(R)-(+)-N-ethyl-N-(1-phenylethyl)amine, (S)-(-)-N-ethyl-N-(1phenylethyl)amine(2.2), (R)-(+)-N-propyl-N-(1-phenylethyl)amine, (S)-(-)-N-propyl-N(1-phenylethyl)amine (2.3), (R)-(+)-N-(1-phenylethyl)propan-2-amine, and (S)-(-)-N-(1phenylethyl)propan-2-amine (2.4) were synthesized via monoalkylation in DMPU of (R)(+)-methylbenzylamine and (S)-(-)-methylbenzylamine respectively.49 (R)-(+)-N-(1phenylethyl)butan-1-amine, (S)-(-)-N-(1-phenylethyl)butan-1-amine (2.5), (R)-(+)-Nisobutyl-N-(1-phenylethyl)amine, (S)-(-)-N-isobutyl-N-(1-phenylethyl)amine (2.6), (R)24

(+)-N-neopentyl-N-(1-phenylethyl)amine, (S)-(-)-N-neopentyl-N-(1-phenylethyl)amine
(2.7), (R)-(+)-N-(3-methylbutyl)-N-(1-phenylethyl) amine, (S)-(-)-N-(3-methylbutyl)-N(1-phenylethyl)amine (2.8), (R)-(+)-N-(1-phenylethyl)cyclopentanamine, (S)-(-)-N-(1phenylethyl) cyclopentanamine (2.9), (R)-(+)-N-(1-phenylethyl)hexan-1-amine, (S)-(-)-N(1-phenylethyl)hexan-1-amine (2.10), (R)-(+)-N-(1-phenylethyl) cyclohexanamine, (S)-()-N-(1-phenylethyl)cyclohexanamine (2.11), (R)-(+)-N-(1-phenylethyl)octan-1-amine,
and (S)-(-)-N-(1-phenylethyl)octan-1-amine (2.12) were synthesized via reductive
amination.50 These compounds were purified by extraction in Et2O and a saturated
sodium bicarbonate solution, then dried over MgSO4 and concentrated by rotary
evaporation. These compounds were purified by extraction with ether and water and then
dried over MgSO4 and concentrated by rotary evaporation. All synthesized compounds
were purified over silica gel using 15/5/1 hexane/ethyl acetate/triethylamine mixture
15/5/1 and characterized by the normal spectrum. N-ethyl-N-(1-phenylethyl)amine
(2.2)51, N-(1-phenylethyl)propan-2-amine (2.4) and N-neopentyl-N-(1-phenylethyl)amine
(2.7)49, N-(1-phenylethyl)butan-1-amine (2.5)52, N-(1-phenylethyl)cyclopentanamine
(2.9)53, and N-(1-phenylethyl)cyclohexanamine (2.11)54 have been previously
synthesized.
(R)-(+)-N-ethyl-N-(1-phenylethyl)amine 1H-NMR(CDCl3): δ (ppm) 1.09(t, 3H,
CH3) 1.39(d, 3H, CH3) 2.63(m, 2H, CH2) 3.92(q, 1H, CH-Ar) 7.32(m, 5H, Ar)
(S)-(-)-N-ethyl-N-(1-phenylethyl)amine(2.2) 1H-NMR(CDCl3): δ (ppm) 1.09(t,
3H, CH3) 1.39(d, 3H, CH3) 2.63(m, 2H, CH2) 3.92(q, 1H, CH-Ar) 7.32(m, 5H, Ar)
(R)-(+)-N-propyl-N-(1-phenylethyl)amine IR (cm-1): 700, 761, 1132, 1368,
1451, 1492, 2802, 2873, 2929, 2959, 3025; 1H-NMR(CDCl3) δ (ppm): 0.90(t, 3H, CH3)
1.38(d, 3H, CH3) 1.50(m, 2H, CH2) 2.47(m, 2H, CH2) 3.79(q, 1H, CH-Ar) 7.33(m, 5H,
25

Ar); 13C-NMR δ (ppm): 12.2, 23.8, 24.8, 50.2, 58.8, 127.0, 127.2, 128.8, 146.3.
Calculated m/z: 163.263. Found LRMS (m+): 163.
(S)-(-)-N-propyl-N-(1-phenylethyl)amine(2.3) 1H-NMR(CDCl3): δ (ppm)
0.90(t, 3H, CH3) 1.38(d, 3H, CH3) 1.50(m, 2H, CH2) 2.47(m, 2H, CH2) 3.79(q, 1H, CHAr) 7.33(m, 5H, Ar)
(R)-(+)-N-(1-phenylethyl)propan-2-amine 1H-NMR(CDCl3): δ (ppm) 1.02(t,
6H, CH3) 1.36(d, 3H, CH3) 2.66(m, 1H, CH) 3.94(q, 1H, CH-Ar) 7.33(m, 5H, Ar)
(S)-(-)-N-(1-phenylethyl)propan-2-amine(2.4) 1H-NMR(CDCl3): δ (ppm)
1.02(t, 6H, CH3) 1.36(d, 3H, CH3) 2.66(m, 1H, CH) 3.94(q, 1H, CH-Ar) 7.33(m, 5H, Ar)
(R)-(+)-N-(1-phenylethyl)butan-1-amine 1H-NMR(CDCl3): δ (ppm) 0.90(t, 3H,
CH3) 1.39(d, 3H, CH3) 1.50 (m, 4H, CH2CH2) 2.45(m, 2H, CH2) 3.75(q, 1H, CH-Ar)
7.34(m, 5H, Ar)
(S)-(-)-N-(1-phenylethyl)butan-1-amine(2.5) 1H-NMR(CDCl3): δ (ppm) 0.90(t,
3H, CH3) 1.39(d, 3H, CH3) 1.50 (m, 4H, CH2CH2) 2.45(m, 2H, CH2) 3.75(q, 1H, CH-Ar)
7.34(m, 5H, Ar)
(R)-(+)-N-isobutyl-N-(1-phenylethyl)amine IR (cm-1): 700, 760, 1128, 1171,
1368, 1471, 1492, 2808, 2870, 2957, 3025; 1H-NMR(CDCl3) δ (ppm): 0.90(d, 6H, CH3)
1.40(d, 3H, CH3) 1.76(m, 1H, CH(CH3)2) 2.25(m, 2H, CH2) 3.81(q, 1H, CH-Ar) 7.35(m,
5H, Ar); 13C-NMR δ (ppm): 21.0, 21.2, 24.8, 26.5, 56.2, 58.8, 127.0, 127.2, 128.8, 146.3.
Calculated m/z: 178.297. Found LRMS (m+): 177.
(S)-(-)-N-isobutyl-N-(1-phenylethyl)amine(2.6) 1H-NMR(CDCl3): δ (ppm) )
0.90(d, 6H, CH3) 1.40(d, 3H, CH3) 1.76(m, 1H, CH(CH3)2) 2.25(m, 2H, CH2) 3.81(q, 1H,
CH-Ar) 7.35(m, 5H, Ar)
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(R)-(+)-N-neopentyl-N-(1-phenylethyl)amine 1H-NMR(CDCl3): δ (ppm) 1.08(s,
9H, CH3) 1.50(d, 3H, CH3) 2.36(dd, 2H,CH2) 3.87(q, 1H, CH-Ar) 7.47(m, 5H, Ar)
(S)-(-)-N-neopentyl-N-(1-phenylethyl)amine(2.7) 1H-NMR(CDCl3): δ (ppm)
1.08(s, 9H, CH3) 1.50(d, 3H, CH3) 2.36(dd, 2H,CH2) 3.87(q, 1H, CH-Ar) 7.47(m, 5H,
Ar)
(R)-(+)-N-(3-methylbutyl)-N-(1-phenylethyl)amine IR (cm-1): 555, 594, 700,
760, 1028, 1076, 1129, 1207, 1366, 1451, 1492, 1603, 2868, 2924, 2956, 3025, 3062; 1HNMR(CDCl3) δ (ppm): 0.87(t, 3H, CH3) 1.39(d, 3H, CH3) 1.42 (m, 2H, CH2) 1.61(m,
1H,CH2(CH3)2) 2.47(m, 2H, CH2) 3.75(q, 1H, CH-Ar) 7.32(m, 5H, Ar); 13C-NMR δ
(ppm): 22.8, 23.0, 24.8, 26.6, 39.9, 59.3, 126.8, 127.3, 128.9, 146.3. Calculated m/z: 191.
Found LRMS (m+): 191.
(S)-(-)-N-(3-methylbutyl)-N-(1-phenylethyl)amine(2.8) 1H-NMR(CDCl3): δ
(ppm) 0.87(t, 3H, CH3) 1.39(d, 3H, CH3) 1.42 (m, 2H, CH2) 1.61(m, 1H,CH2(CH3)2)
2.47(m, 2H, CH2) 3.75(q, 1H, CH-Ar) 7.32(m, 5H, Ar)
(R)-(+)-N-(1-phenylethyl)cyclopentanamine 1H-NMR(CDCl3): δ (ppm) 1.201.60(m, 4H, CH2CH2) 1.37(d, 3H, CH3) 1.60-1.90 (m, 4H, CH2CH2) 2.90(m, 1H, CH)
3.88(q, 1H, CH-Ar) 7.32(m, 5H, Ar)
(S)-(-)-N-(1-phenylethyl)cyclopentanamine(2.9) 1H-NMR(CDCl3): δ (ppm)
1.20-1.60(m, 4H, CH2CH2) 1.37(d, 3H, CH3) 1.60-1.90 (m, 4H, CH2CH2) 2.90(m, 1H,
CH) 3.88(q, 1H, CH-Ar) 7..32(m, 5H, Ar)
(R)-(+)-N-(1-phenylethyl)hexan-1-amine IR (cm-1): 555, 595, 700, 761, 1077,
1130, 1305, 1368, 1451, 1492, 1603, 2357, 2856, 2926, 2957, 3025, 3083; 1HNMR(CDCl3) δ (ppm): 0.90(t, 3H, CH3) 1.28(m, 6H, CH2CH2CH2) 1.35(d, 3H, CH3)
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1.50(m, 2H, CH2) 2.50(m, 2H, CH2) 3.76(q, 1H, CH-Ar) 7.33(m, 5H, Ar); 13C-NMR δ
(ppm): 14.4, 23.0, 24.8, 27.5, 30.7, 32.3, 48.4, 59.4, 126.8, 127.3, 128.1, 146.3.
Calculated m/z: 205.343. Found HRMS: 205.1822.
(S)-(-)-N-(1-phenylethyl)hexan-1-amine(2.10) 1H-NMR(CDCl3): δ (ppm)
0.90(t, 3H, CH3) 1.28(m, 6H, CH2CH2CH2) 1.35(d, 3H, CH3) 1.50(m, 2H, CH2) 2.50(m,
2H, CH2) 3.76(q, 1H, CH-Ar) 7.33(m, 5H, Ar)
(R)-(+)-N-(1-phenylethyl)cyclohexanamine 1H-NMR(CDCl3): δ (ppm) 1.05(m,
6H, CH2CH2CH2) 1.33(d, 3H, CH3) 1.56-2.0 (m, 4H, CH2CH2) 2.30(m, 1H, CH) 3.98(q,
1H, CH-Ar) 7.31(m, 5H, Ar)
(S)-(-)-N-(1-phenylethyl)cyclohexanamine(2.11) 1H-NMR(CDCl3): δ (ppm)
1.05(m, 6H, CH2CH2CH2) 1.33(d, 3H, CH3) 1.56-2.0 (m, 4H, CH2CH2) 2.30(m, 1H, CH)
3.98(q, 1H, CH-Ar) 7.31(m, 5H, Ar)
(R)-(+)-N-(1-phenylethyl)octan-1-amine IR (cm-1): 556, 593, 700, 760, 1027,
1077, 1131, 1304, 1351, 1368, 1451, 1466, 1492, 2854, 2924, 2957, 3025, 3062, 3310;
1

H-NMR(CDCl3) δ (ppm): 0.90(t, 3H, CH3) 1.28(m, 8H, CH2CH2CH2CH2) 1.35(d, 3H,

CH3) 1.50(m, 2H, CH2) 2.50(m, 2H, CH2) 3.76(q, 1H, CH-Ar) 7.33(m, 5H, Ar); 13CNMR δ (ppm): 14.5, 23.1, 24.8, 27.8, 29.7, 30.0, 32.2, 32.5, 48.3, 58.9, 126.8, 127.0,
128.1, 146.3. Calculated m/z: 233.2143. Found HRMS: 233.2153.
(S)-(-)-N-(1-phenylethyl)octan-1-amine(2.12) 1H-NMR(CDCl3): δ (ppm) 0.90(t,
3H, CH3) 1.28(m, 8H, CH2CH2CH2CH2) 1.35(d, 3H, CH3) 1.50(m, 2H, CH2) 2.50(m, 2H,
CH2) 3.76(q, 1H, CH-Ar) 7.33(m, 5H, Ar)
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2.4.3 Polymer Preparation
The following procedure was used for all imprinted polymers. In a borosilicate
scintillation vial, 1.28 mmol of the S enantiomer of the chiral amine was dissolved in 8.0
mL methylene chloride. 5.0 g EGDMA (25.2 mmol), 0.53 g MAA (6.3 mmol) and 0.11 g
(0.64 mmol) AIBN was added to the solution. The control polymer was formulated in a
similar fashion, without introduction of a template molecule. Each solution was separated
into three 13 mm x 100 mm screw cap tubes and each tube purged by bubbling nitrogen
gas into the mixture for 5 minutes, then capped and sealed with Teflon tape and parafilm.
The samples were inserted into a photochemical turntable reactor (ACE Glass Inc.) which
was immersed in a constant temperature bath. A standard laboratory UV light source (a
Canrad-Hanovia medium pressure 450 W mercury arc lamp) jacketed in a borosilicate
double-walled immersion well was placed at the center of the turntable. The
polymerization was initiated photochemically at 20 °C and the temperature maintained by
both the cooling jacket surrounding the lamp and the constant temperature bath holding
the entire apparatus. The polymerization was allowed to proceed for 10 h, and then used
for chromatographic experiments.
2.4.4 Chromatographic Experiments
The polymers were ground using a mortar and pestle, the particles were sized
using U.S.A. Standard Testing Sieves (VWR), and the fraction between 20-25 µm was
collected. The particles were slurry packed, using a Beckman 1108 Solvent Delivery
Module, into stainless steel columns (length, 10.0 cm, i.d. 4.6 mm) to full volume
(approximately 0.6 g of polymer) for chromatographic experiments. The polymers were
then equilibrated online. HPLC analyses were performed isocratically at room
temperature (22 °C) using a Hitachi L-7100 pump with a Hitachi L-7400 detector. The
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flow rate in all cases was set at 1.0 mL/min using a mobile phase consisting of
acetonitrile/water/acetic acid: 93/5/2. Sample injections were 5 µL, of a 10 mM solution
of amine in acetonitrile. The void volume was determined using acetone as an inert
substrate. The capacity factors were determined by the relation k' = (tR – to) / to, where tR
is the retention time of the substrate, and to is the retention time of an analyte not retained
by the column. The separation factors, α, were measured as the ratio of capacity factors
(k'S/k'R).
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CHAPTER 3. SHAPE SELECTIVITY VERSUS PRE-ORGANIZATION OF
BINDING SITES IN NON-COVALENT MOLECULARLY IMPRINTED
POLYMERS
3.1 Introduction
Shape selectivity has been shown to play a vital part in molecular recognition in
MIPs,55 but the extent of that role has not been determined when compared to preorganization of functional groups. An important study on pre-organization of functional
groups was investigated by Li et. al. using phenylalanine derivatives which differed only
in the placement of nitrogen in the pyridine ring (compounds 3.10-3.12, Figure 3.1).56 By
using phenylalanine as the basis for all the template molecules, the study eliminated
differences in selectivity that may arise from shape specificity. The study found that the
molecular recognition of the MIPs was greatly influenced by the minor difference in the
position of the nitrogen on the pyridine ring. Using a combination of the strategies
employed by Li in changing the placement of a functional groups on a template and of
changing the size of one side chain as in Chapter 2, an experiment was devised that
would determine if pre-organization or shape selectivity dominated molecular recognition
in MIPs.
The templates for this experiment were carefully chosen to test the influence of
shape selectivity and pre-organization of functional groups on molecular recognition in
MIPs. Three different amino acids (alanine, valine, and phenylalanine) were used to
synthesize different anilides that either contained a pyridine or phenyl group attached to
the amide (Figure 3.1). The influence of shape selectivity was tested by the different size
and shapes of the hydrocarbon side chains. The influence of pre-organization of
functional groups was tested by the phenyl and pyridine groups, which should form
different complexes with functional monomers and lead to differences in binding MIPs.
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Figure 3.1 Structures of compounds
selectivity. The α values were used as a diagnostic to determine if shape selectivity or
pre-organization of functional monomers had a greater effect on molecular recognition in
Figure 3.2 shows the possible functional groups on the templates available for
interaction with the functional monomer methacrylic acid. The anilide derivatives (Figure
3.1, compounds 3.1, 3.5, and 3.9) have two functional groups capable of forming
electrostatic or hydrogen bonding interactions (Figure 3.2, A). Pre-organization of the
two functional groups will only account for two of the three minimum points of contact
needed for enantioselectivity,13 with the remaining interaction coming from shape
selectivity. The 3- and 4-aminopyridine derivatives (Figure 3.1, compounds 3.3, 3.7,

32

A

B
Functional Groups

Functional Groups

O

O

H2N

H2N

N
H

R

N
H

R

C

N

D
Functional Groups

Functional Groups

O
H2 N
R

O
N
H

N

H2 N
R

N
N
H

Figure 3.2 Illustration of the number of functional groups on the molecular probes.
3.11, and compounds 3.4, 3.8, and 3.12 respectively) will each have three functional
groups present (Figure 3.2, C and D). The 2-aminopyridine derivatives (Figure 3.1,
compounds 3.2, 3.6, and 3.10) represent a special case. While the pyridine and the amide
are two separate functional groups, the close proximity of the N on the pyridine ring to
the amide may make the two separate functional groups act one when binding functional
monomers.57
The number and type of potential interactions present in the pre-polymer complex
are illustrated in Figure 3.3. The aniline derivatives have one ionic interaction and one
hydrogen bonding interaction present in the pre-polymer complex (Figure 3.3, A). The 2-,
3- and 4-aminopyridine derivatives have an ionic interaction and a hydrogen bonding
interactions (Figure 3.3, C and D respectively). The N on the pyridine ring will form
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Figure 3.3 Illustration of solution phase pre-polymer complex formation.
either a hydrogen bond or a ionic interaction with the methacrylic acid functional
monomer.
Examples illustrating the possible binding sites of the different MIPs are
illustrated in Figure 3.4. The aniline derivatives will rebind with ionic and hydrogen
bonding interactions, which will account for two of the interactions (Figure 3.4, A). The
third interaction will come from the shape and the molecule, with the size of the side
chain R influencing the binding selectivity. The 3- and 4-aminopyridine derivatives have
one ionic and two hydrogen bonding interactions present that will bind the analyte
(Figure 3.4, C and D respectively). The 2-aminopyridine derivatives also have three
binding interactions, one hydrogen bonding interactions and two ionic interaction (Figure
3.4, B). It is possible that the 2-aminopyridine will only have two interaction present in
rebinding instead of three, with the hydrogen bonding interaction being disrupted by the
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electron demand of the ionic bonding interaction between the N of the pyridine and the
functional monomer.

Figure 3.4 Illustration of rebinding of molecular probes in the binding site of MIPs.
3.2 Results and Discussion
3.2.1 General Trends
This study on pre-organization versus shape selectivity was conducted using the
previously established method of analyzing each molecular probe on each imprinted
polymer.7,36 The α values are shown in Table 3.1, with the bold numbers representing the
α values of the imprinted analyte. As with previous cross-reactivity studies on MIPs,35,55
the highest α value was generally found for the templated molecular (with exceptions for
compounds 3.3 and 3.11, which will be discussed). The data set in Table 3.1 will be
broken up into smaller tables to elucidate trends that are present.
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Table 3.1. Separation factor (α) for the enantioselectivity of each molecular probe on
each imprinted polymera
Imprinted
Analyteb
polymerc 3.1 3.2 3.3
3.4
3.5
3.6 3.7 3.8 3.9 3.10 3.11 3.12
MIP(3.1) 5.84 1.11 2.12 2.70 4.37 1.01 1.87 1.36 5.75 1.49 1.88
MIP(3.2) 1.00 1.26 1.16 1.00 1.24 1.00 1.09 1.00 1.00 1.13 1.11
MIP(3.3) 1.19 1.21 3.00 1.00 1.11 1.69 3.51 1.34 1.01 1.19 3.09
MIP(3.4) 1.00 1.00 1.75 8.15 1.00 1.25 1.75 1.45 1.03 1.00 1.31
MIP(3.5) 2.18 1.09 2.26 1.34 29.49 2.49 3.17 2.45 2.99 1.45 1.78
MIP(3.6) 2.12 1.00 1.14 1.04 1.52 2.41 1.79 1.66 1.80 2.37 1.50
MIP(3.7) 1.05 1.08 2.30 1.00 2.15 1.67 6.15 1.81 2.43 1.27 4.95
MIP(3.8) 1.56 1.00 1.24 2.74 3.48 1.20 3.64 5.20 2.07 1.65 1.75
MIP(3.9) 1.43 1.00 1.72 1.00 1.50 3.48 1.94 1.04 5.85 2.98 3.55
MIP(3.10) 1.00 1.22 1.43 1.00 1.00 1.00 1.46 1.00 1.08 2.52 1.00
MIP(3.11) 1.00 1.15 1.80 1.00 1.00 1.01 1.76 1.00 1.13 1.26 1.73
MIP(3.12) 1.05 1.00 1.00 1.00 1.08 1.00 1.94 2.91 4.79 2.68 1.11
Control 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
a
HPLC assay conditions: mobile phase = 92.5/2.5/5 acetonitrile/water/acetic acid; flow
rate, 1 mL/min. b Analyte refers to the number of the analyte in Fig. 3.1. c Imprinted
polymers are identified by the compound from Fig. 3.1 that was used as a template.
3.2.2 Pre-organization of Functional Groups
Tables 3.2-3.4 break down Table 3.1 into common divisions that are easy for
comparing the effects of the pre-organization of functional groups. Starting with Table
3.2, the α values for the alanine derivatives illustrate important trends. First, in the
compounds with three functional groups present (3.4, 3.3, and possibly 3.2), it appears
that pre-organization was the dominant mechanism for molecular recognition. Second,
the α values increased as the distance between functional groups was maximized. The
highest α value was found for MIP(3.4) with the template molecule, which contained
three functional groups positioned at the greatest distance from each other. The alanine
derivatives 3.2 and 3.3 also contained three functional groups, but the template α values
for these compounds was lower than the α value for alanine derivative 3.4 on MIP(3.4).
As the distance between the three functional groups was increased from
derivatives 3.2 to 3.3 to 3.4, the template α values for these compounds was increased.
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1.64
1.16
1.91
1.04
1.73
2.13
1.48
2.91
1.84
2.03
1.00
7.54
1.00

This relationship between selectivity and distance between functional groups is consistent
with findings by Spivak and Kim.58 When only two functional groups are present (alanine
derivative 3.1), the α value for the templated molecule is higher than the α values for
MIPs templated with compounds 3.2 and 3.3, which contain three functional. In this case,
shape selectivity is the dominating mechanism over pre-organization for molecular
recognition in MIPs. When three functional groups are present, the binding interactions
between the functional groups of the binding site and analyte will be point interactions,
i.e. one interaction between the charge of the protonated amine and the deprotonated
methacrylate group. When less than three functional monomers are present, the third
binding will come from the shape of the molecule. The shape of the molecule can have
multiple points of interactions between the analyte and the polymer matrix. The more
points of contacts between the templated molecule and the binding site, the better defined
Table 3.2 Separation factor (α) for the enantioselectivity of alanine derivatives.a
Imprinted
Analyte
Polymer
3.1
3.2
3.3
3.4
H2 N

O

HN

5.84±2.93E-1

1.11±3.66E-2

2.12±9.94E-2

2.70±2.89E-2

1.00±6.36E-2

1.26±6.13E-2

1.16±2.75E-2

1.00±1.64E-2

1.19±3.85E-2

1.21±3.25E-2

3.00±2.95E-1

1.00±2.47E-1

1.00±6.19E-2
1.00±3.00E-2
MIP(3.4)
a
Bold values are the imprinted enantiomer values.

1.75±1.91E-1

8.15±1.17E-0

MIP(3.1)
H2 N

O
HN

N

MIP(3.2)
H2 N

O
HN

MIP(3.3)
H2 N

N

O
HN

N
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the binding site will be for that analyte. This effect is more prevalent when there is more
steric bulk near the point of differentiation, as with the valine derivative (vide infra).
Similar trends to those in seen for the alanine derivatives are again observed for
the valine derivatives (Table 3.8). When fewer functional groups are present, shape
selectivity accounts for higher α values. Note in this case, the α value for compound 3.5
on its MIP was higher than all the other α values. This is because the large valine side
chain creates a better defined binding site and gives rise to a higher α value. The effect is
greatest when the largest group is close to the point of differentiation (aka the chiral
center). This finding is consistent with previous findings55 with compounds that
contained branching points near the point of differentiation and indicates that shape
selectivity is the dominating mechanism with the valine derivatives. In fact, as the
number of functional groups is increased from two to three, the α values are significantly
reduced for the template molecules. Future work will focus on exploring this
Table 3.3 Separation factor (α) for the enantioselectivity of valine derivatives. a
Imprinted
Analyte
Polymer
3.5
3.6
3.7
3.8
H2 N

O

HN

29.49±3.04E-1

2.49±1.06E-1

3.17±3.06E-0

2.45±3.75E-1

1.52±3.29E-1

2.41±6.59E-2

1.79±2.72E-16

1.66±2.23E-1

2.15±3.35E-2

1.67±9.93E-2

6.15±1.09E-1

1.81±4.35E-2

3.48±9.82E-2

1.20±2.61E-2

3.64±3.40E-2

5.20±1.56E-1

MIP(3.5)
H2 N

O
HN

N

MIP(3.6)
H2 N

O
HN

MIP(3.7)
H2 N

N

O
HN

N

MIP(3.8)
a
Bold values are the imprinted enantiomer values.
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phenomenon further by using an analyte with similar shape but only two functional
groups.
The phenylalanine derivatives (Table 3.4) again show the same trends of the
alanine and valine derivatives. When fewer functional groups were present, shape
selectivity was the dominating mechanism for molecular recognition. When the distance
between functional groups was maximized, the α value for the templated molecule was
maximized. The difference between this case and the alanine case was compound 3.11,
which had a lower template α value on its MIP than the rest of the compounds in Table
3.9. This result was unexpected and will be discussed later. Also, the compounds in
Tables 3.2-3.4 consistently show that the highest α value for each polymer was found for
the templated molecule, even though each of the compounds are the same size and shape.
These findings are consistent with the early study by Li, and clearly illustrate that MIPs
56

are able to differentiate between small changes in functional group placement.
Table 3.4 Separation factor (α) for the enantioselectivity of phenylalanine derivatives. a
Imprinted
Analyte
Polymer
3.9
3.10
3.11
3.12
NH2 O
NH

5.85±209E-1

2.98±1.12E-1

3.55±5.14E-2

1.84±1.24E-1

1.08±5.16E-1

2.52±2.86E-1

1.00±1.65E-2

2.03±5.33E-1

1.13±9.84E-2

1.26±8.88E-2

1.73±4.86E-1

1.00±1.54E-2

4.79±6.17E-2

2.68±2.57E-1

1.11±1.01E-1

7.54±3.10E-1

MIP(3.9)
H2 N

O
HN

MIP(3.10)
H2 N

N

O
HN

MIP(3.11)
H2 N

N

O
HN

N

MIP(3.12)
a
Bold values are the imprinted enantiomer values.
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3.2.3 Shape Selectivity
When the compounds in Figure 3.1 are compared to the other compounds in the
same horizontal row, the observed differences in selectivity for the analytes can be
attributed to shape specificity. The same general trends that were present in the first study
are present here.55 When the analyte is larger than the imprinted molecule, steric
exclusion will reduce the selectivity for that analyte. When the analyte is smaller than the
imprinted molecule, reduced Van der Waals or hydrophobic interactions will reduce the
selectivity. When the binding constants are examined, the imprinted molecule has the
highest binding affinity. This trend is clearly evident in the anilide, 2-aminopyridine and
4-aminopyridine derivatives (Tables 3.5, 3.6, and 3.7).
In Table 3.5, the valine derivative has the highest template α value of the three
derivatives. This was expected since the side contained more bulk near the point of
differentiation. When the number of functional groups was increased from two to three,
as in Tables 3.6 and 3.7, the size of the side chain had less influence in determining
selectivity than pre-organization. The template α values in Table 3.6 actually show that
Table 3.5 Selectivity (α values) of anilide derivatives. a
Imprinted
Analyte
Polymer
3.1
3.5

3.9

O

H2 N

HN

5.84±2.93E-1

4.37±1.59E-1

5.75±4.08E-2

2.18±1.06E-1

29.49±3.04E-1

2.99±3.01E-2

1.50±2.52E-1
1.43±1.71E-1
MIP(3.9)
a
Bold values are the imprinted enantiomer values.

5.85±2.09E-1

MIP(3.1)
O

H2 N

HN

MIP(3.5)
H2 N

O
HN
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the valine derivative had the lowest of the three α values, possibly indicating that a
competition between shape selectivity and pre-organization was lowering selectivity.
This trend is pronounced in Table 3.7 because the pre-organized functional groups are
less effective for selectivity versus those in Table 3.6.
Only the 3-aminopyridine derivatives appear to be exceptions to the general
trends observed for shape selectivity. MIPs made with compounds 3.3 and 3.11 as the
Table 3.6 Selectivity (α values) of 4-aminopyridine derivatives. a
Imprinted
Analyte
Polymer
3.4
3.8
H2 N

3.12

O

N

8.15±1.17E-0

1.45±5.53E-2

1.04±1.57E-2

N

2.74±5.02E-2

5.20±1.56E-1

2.91±2.52E-1

1.00±7.22E-2
2.91±1.87E-1
MIP(3.12)
a
Bold values are the imprinted enantiomer values.

7.54±3.10E-1

HN

MIP(3.4)
H2 N

O
HN

MIP(3.8)
H2 N

O

N

HN

Table 3.7 Selectivity (α values) of 2-aminopyridine derivatives. a
Imprinted
Analyte
Polymer
3.2
3.6
H2 N

3.10

O
HN

N

1.26±6.13E-2

1.00±0.00E-0

1.13±2.86E-2

N

1.00±2.77E-1

2.41±6.59E-2

2.37±3.89E-2

1.22±4.89E-2

1.00±7.56E-2

2.52±2.86E-1

MIP(3.2)
H2 N

O
HN

MIP(3.6)
H2 N

O
HN
N

a

MIP(3.10)
Bold values are the imprinted enantiomer values.
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templates had higher selectivity for the other 3-aminopyridine derivatives than the
template selectivity. This structural motif must be studied more in depth and is one of the
projects under future work.
Table 3.8 Selectivity (α values) of 3-aminopyridine derivatives. a
Imprinted
Analyte
Polymer
3.3
3.7
H2 N

HN

MIP(3.3)
H2 N

N

3.00±2.95E-1

3.51±1.93E-1

3.09±6.57E-2

N

2.30±2.23E-1

6.15±1.09E-1

4.95±7.50E-2

1.80±5.07E-1

1.76±1.36E-1

1.73±4.86E-1

O
HN

MIP(3.7)
H2 N

O
HN
N

a

3.11

O

MIP(3.11)
Bold values are the imprinted enantiomer values.

3.3 Conclusions
Three general rules on molecular recognition in MIPs can be taken from this
study. First, pre-organization of functional groups is the dominant mechanism for
selectivity when three functional groups are present. Second, when fewer functional
groups are present on a template molecule, shape specificity of the binding site will
enhance selectivity. Third, selectivity is enhanced when the distance between functional
groups is maximized. These findings are important to making rational predictions of
future MIP experiments and show that both pre-organization and shape selectivity must
be accounted for predicting MIPs behavior. Future work will focus on the exploring the
3-aminopyridine derivatives structural motif as well as imprinting compounds with only
two functional groups. In addition to examining the 3-aminopyridine derivatives, the
trend of branching points near the binding site will be investigated further to determine if
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tertiary carbons will have an increased imprinting effect similar to the branched
secondary carbons. An example of a possible template is given in Figure 3.5.
O
H2N

N
H

R

Figure 3.5. Possible template for examining effect of tertiary carbons near the point of
differentiation.
3.4 Experimental
3.4.1 General
Ethylene glycol dimethacrylate (EGDMA, Polysciences) as received, was distilled
in vacuo (94 °C) over boiling chips prior to polymerization. Methacrylic acid (MAA,
Aldrich) was distilled over CaH2 (80 °C). 2,2'-azobisisobutyronitrile (AIBN), aniline, 2aminopyridine, 3-aminopyridine, 4-aminopyridine, N-methylmorpholine, and
isobutylchloroformate were purchased from Aldrich Chemicals and used without further
purification. Sodium bicarbonate, MgSO4 and all solvents were HPLC grade and
obtained from Fisher Scientific. They were used without further purification.
3.4.2 Synthesis
All compounds were synthesized by a literature method that utilizes a mixed
anhydride intermediate.59 2-amino-N-phenyl-propionamide (3.1),60 2-amino-N-pyridin-2yl-propionamide (3.2),61 2-amino-N-pyridin-3-yl-propionamide (3.3),62 2-amino-Npyridin-4-yl-propionamide (3.4),63 2-Amino-3-methyl-N-phenyl-butyramide (3.5),64 2amino-3-methyl-N-pyridin-2-yl-butyramide (3.6),65 2-amino-3,N-diphenyl-propionamide
(3.9),66 2-amino-3-phenyl-N-pyridin-2-yl-propionamide (3.10),66 2-amino-3-phenyl-Npyridin-3-yl-propionamide (3.11),66 2-amino-3-phenyl-N-pyridin-4-yl-propionamide
(3.12)66 have all been previously synthesized.
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L-2-amino-N-phenyl-propionamide (3.1) 1H-NMR(CDCl3): δ (ppm) 1.40(d,
3H, CH3), 1.65(s, 2H, NH2), 3.59(q, 1H, CH), 7.05(m, 1H, CH-Ar), 7.30(m, 2H, CH-Ar),
7.60(m, 2H, CH-Ar), 9.50(s, 1H, NH)
D-2-amino-N-phenyl-propionamide 1H-NMR(CDCl3): δ (ppm) 1.40(d, 3H,
CH3), 1.65(s, 2H, NH2), 3.59(q, 1H, CH), 7.05(m, 1H, CH-Ar), 7.30(m, 2H, CH-Ar),
7.60(m, 2H, CH-Ar), 9.50(s, 1H, NH)
L-2-amino-N-pyridin-2-yl-propionamide (3.2) 1H-NMR(CDCl3): δ (ppm)
0.96(d, 3H, CH3), 3.99(q, 1H, CH), 6.92(m, 1H, CH-Ar), 7.67(m, 1H, CH-Ar), 8.04(m,
1H, CH-Ar), 8.39(m, 1H, CH-Ar), 10.59(s, 1H, NH)
D-2-amino-N-pyridin-2-yl-propionamide 1H-NMR(CDCl3): δ (ppm) 0.96(d,
3H, CH3), 3.99(q, 1H, CH), 6.92(m, 1H, CH-Ar), 7.67(m, 1H, CH-Ar), 8.04(m, 1H, CHAr), 8.39(m, 1H, CH-Ar), 10.59(s, 1H, NH)
L-2-amino-N-pyridin-3-yl-propionamide (3.3) 1H-NMR(CDCl3): δ (ppm)
1.40(d, 3H, CH3), 1.65(s, 2H, NH2), 3.59(q, 1H, CH), 7.05(m, 1H, CH-Ar), 7.30(m, 2H,
CH-Ar), 7.60(m, 2H, CH-Ar), 9.50(s, 1H, NH)
D-2-amino-N-pyridin-3-yl-propionamide 1H-NMR(CDCl3): δ (ppm) 0.820.99(dd, 6H, CH3), 1.57(s, 2H, NH2), 2.35(m, 1H, CH), 3.91(d, 1H, CH), 7.00(m, 1H,
CH-Ar), 7.27(m, 3H, CH-Ar), 7.60(m, 1H, CH-Ar), 9.54(s, 1H, NH)
L-2-amino-N-pyridin-4-yl-propionamide (3.4) 1H-NMR(CDCl3): δ (ppm)
1.42(d, 3H, CH3), 2.40(s, 2H, NH2), 3.50(q, 1H, CH), 7.60(m, 2H, CH-Ar), 8.42(m, 2H,
CH-Ar), 9.12(s, 1H, NH)
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D-2-amino-N-pyridin-4-yl-propionamide 1H-NMR(CDCl3): δ (ppm) 1.42(d,
3H, CH3), 2.40(s, 2H, NH2), 3.50(q, 1H, CH), 7.60(m, 2H, CH-Ar), 8.42(m, 2H, CH-Ar),
9.12(s, 1H, NH)
L-2-Amino-3-methyl-N-phenyl-butyramide (3.5) 1H-NMR(CDCl3): δ (ppm)
0.82-0.99(dd, 6H, CH3), 1.57(s, 2H, NH2), 2.35(m, 1H, CH), 3.91(d, 1H, CH), 7.00(m,
1H, CH-Ar), 7.27(m, 3H, CH-Ar), 7.60(m, 1H, CH-Ar), 9.54(s, 1H, NH)
D-2-Amino-3-methyl-N-phenyl-butyramide 1H-NMR(CDCl3): δ (ppm) 0.820.99(dd, 6H, CH3), 1.57(s, 2H, NH2), 2.35(m, 1H, CH), 3.91(d, 1H, CH), 7.00(m, 1H,
CH-Ar), 7.27(m, 3H, CH-Ar), 7.60(m, 1H, CH-Ar), 9.54(s, 1H, NH)
L-2-amino-3-methyl-N-pyridin-2-yl-butyramide (3.6) 1H-NMR(CDCl3): δ
(ppm) 0.82-0.90(dd, 6H, CH3), 1.21(s, 2H, NH2), 2.36(m, 1H, CH), 3.35(d, 1H, CH),
6.95(m, 1H, CH-Ar), 7.65(m, 1H, CH-Ar), 8.25(m, 2H, CH-Ar), 9.99(s, 1H, NH).
D-2-amino-3-methyl-N-pyridin-2-yl-butyramide 1H-NMR(CDCl3): δ (ppm)
0.82-0.99(dd, 6H, CH3), 1.57(s, 2H, NH2), 2.35(m, 1H, CH), 3.91(d, 1H, CH), 7.00(m,
1H, CH-Ar), 7.27(m, 3H, CH-Ar), 7.60(m, 1H, CH-Ar), 9.54(s, 1H, NH)
L-2-amino-3-methyl-N-pyridin-3-yl-butyramide (3.7) 1H-NMR(CDCl3): δ
(ppm) 0.82-1.02(dd, 6H, CH3), 1.92(s, 2H, NH2), 2.40(m, 1H, CH), 3.37(d, 1H, CH),
7.22(m, 1H, CH-Ar), 8.12(m, 2H, CH-Ar), 8.61(m, 1H, CH-Ar), 9.50(s, 1H, NH)
D-2-amino-3-methyl-N-pyridin-3-yl-butyramide 1H-NMR(CDCl3): δ (ppm)
0.82-1.02(dd, 6H, CH3), 1.92(s, 2H, NH2), 2.40(m, 1H, CH), 3.37(d, 1H, CH), 7.22(m,
1H, CH-Ar), 8.12(m, 2H, CH-Ar), 8.61(m, 1H, CH-Ar), 9.50(s, 1H, NH)
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L-2-amino-3-methyl-N-pyridin-4-yl-butyramide (3.8) 1H-NMR(CDCl3): δ
(ppm) 0.8-1.17(dd, 6H, CH3), 1.88(s, 2H, NH2), 2.31(m, 1H, CH), 3.87(d, 1H, CH),
7.50(m, 2H, CH-Ar), 8.38(m, 2H, CH-Ar), 9.92(s, 1H, NH)
D-2-amino-3-methyl-N-pyridin-4-yl-butyramide 1H-NMR(CDCl3): δ (ppm)
0.8-1.17(dd, 6H, CH3), 1.88(s, 2H, NH2), 2.31(m, 1H, CH), 3.87(d, 1H, CH), 7.50(m, 2H,
CH-Ar), 8.38(m, 2H, CH-Ar), 9.92(s, 1H, NH)
L-2-amino-3,N-diphenyl-propionamide (3.9) 1H-NMR(CDCl3): δ (ppm) 1.95(s,
2H, NH2), 2.81(t, 1H, CH), 3.35-3.80(dd, 2H, CH2), 7.08(m, 1H, CH-Ar), 7.27(m, 7H,
CH-Ar), 7.61(m, 2H, CH-Ar), 9.46(s, 1H, NH)
D-2-amino-3,N-diphenyl-propionamide 1H-NMR(CDCl3): δ (ppm) 1.95(s, 2H,
NH2), 2.81(t, 1H, CH), 3.35-3.80(dd, 2H, CH2), 7.08(m, 1H, CH-Ar), 7.27(m, 7H, CHAr), 7.61(m, 2H, CH-Ar), 9.46(s, 1H, NH)
L-2-amino-3-phenyl-N-pyridin-2-yl-propionamide (3.10) 1H-NMR(CDCl3): δ
(ppm) 2.00(s, 2H, NH2), 3.30(d, 2H, CH2), 3.91(m, 1H, CH), 7.00(m, 1H, CH-Ar),
7.26(m, 5H, CH-Ar), 7.80(m, 1H, CH-Ar), 8.30(m, 2H, CH-Ar), 10.00(s, 1H, NH)
D-2-amino-3-phenyl-N-pyridin-2-yl-propionamide 1H-NMR(CDCl3): δ (ppm)
2.00(s, 2H, NH2), 3.30(d, 2H, CH2), 3.91(m, 1H, CH), 7.00(m, 1H, CH-Ar), 7.26(m, 5H,
CH-Ar), 7.80(m, 1H, CH-Ar), 8.30(m, 2H, CH-Ar), 10.00(s, 1H, NH)
L-2-amino-3-phenyl-N-pyridin-3-yl-propionamide (3.11) 1H-NMR(CDCl3): δ
(ppm) 0.97(d, 2H, CH2), 2.54(s, 2H, NH2), 2.89(t, 1H, CH), 7.26(m, 5H, Ar), 7.27(m, 3H,
CH-Ar), 8.20-8.6(m, 4H, CH-Ar), 9.69(s, 1H, NH)
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D-2-amino-3-phenyl-N-pyridin-3-yl-propionamide 1H-NMR(CDCl3): δ (ppm)
0.97(d, 2H, CH2), 2.54(s, 2H, NH2), 2.89(t, 1H, CH), 7.26(m, 5H, Ar), 7.27(m, 3H, CHAr), 8.20-8.6(m, 4H, CH-Ar), 9.69(s, 1H, NH)
L-2-amino-3-phenyl-N-pyridin-4-yl-propionamide (3.12) 1H-NMR(CDCl3): δ
(ppm) 1.57(s, 2H, NH2), 2.70(t, 1H, CH), 3.91(d, 2H, CH2), 7.26(m, 5H, CH-Ar), 7.60(m,
2H, CH-Ar), 8.40(m, 2H, CH-Ar), 9.90(s, 1H, NH)
D-2-amino-3-phenyl-N-pyridin-4-yl-propionamide 1H-NMR(CDCl3): δ (ppm)
1.57(s, 2H, NH2), 2.70(t, 1H, CH), 3.91(d, 2H, CH2), 7.26(m, 5H, CH-Ar), 7.60(m, 2H,
CH-Ar), 8.40(m, 2H, CH-Ar), 9.90(s, 1H, NH)
3.4.3 Polymer Preparation
The following procedure was used for all imprinted polymers. In a borosilicate
scintillation vial, the L enantiomer of the chiral amide (1.01 mmol) was dissolved in
chloroform (4.0 mL). To this solution was added EGDMA (15.9 mmol), MAA (4.03
mmol) and AIBN (0.201 mmol). The control polymer was formulated in a similar
fashion, without introduction of a template molecule. Each solution was separated into
two 13mm x 100mm screw cap tubes and each tube purged by bubbling nitrogen gas into
the mixture for 5 minutes, then capped and sealed with Teflon tape and parafilm. The
samples were inserted into a photochemical turntable reactor (ACE Glass Inc.) which was
immersed in a constant temperature bath. A standard laboratory UV light source (a
Canrad-Hanovia medium pressure 450 W mercury arc lamp) jacketed in a borosilicate
double-walled immersion well was placed at the center of the turntable. The
polymerization was initiated photochemically at 20 °C and the temperature maintained by
both the cooling jacket surrounding the lamp and the constant temperature bath holding
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the entire apparatus. The polymerization was allowed to proceed for 10h, then used for
chromatographic experiments.
3.4.4 Chromatographic Experiments
The polymers were ground using a mortar and pestle, the particles were sized
using U.S.A. Standard Testing Sieves (VWR), and the fraction between 20-25 µm was
collected. The particles were slurry packed, using a Beckman 1108 Solvent Delivery
Module, into stainless steel columns (length, 10.0 cm, i.d. 4.6 mm) to full volume
(approximately 0.6 g of polymer) for chromatographic experiments. The polymers were
then equilibrated online. HPLC analyses were performed isocratically at room
temperature (22°C) using a Hitachi L-7100 pump with a Hitachi L-7400 detector. The
flow rate in all cases was set at 1.0 mL/min using a mobile phase consisting of
acetonitrile/water/acetic acid: 92.5/2.5/5. Sample injections were 5 µL, of a 10 mM
solution of amine in acetonitrile. The void volume was determined using acetone as an
inert substrate. The capacity factors were determined by the relation k' = (tR – to) / to,
where tR is the retention time of the substrate, and to is the retention time of an analyte not
retained by the column. The separation factors, α, were measured as the ratio of capacity
factors (k'S/k'R).
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CHAPTER 4. CHROMATOGRAPHIC STUDIES USING MOLECULARLY
IMPRINTED POLYMERS AS STATIONARY PHASES
4.1 Performance Analysis of MIPs for Carboxylate and Aminophosphate Templates
Using Commercially Available Basic Functional Monomers67
4.1.1 Introduction
Methacrylic acid (MAA) has been the functional monomer of choice for many
years in MIPs, but there are a large number of templates for which MAA is not sufficient.
The largest body of templates in this category would be those with acidic functionality,
with the greatest interest in binding carboxylic and phosphonic acids of biological
importance. A previous study has reported a number of amine-based functional monomer
for imprinting acidic templates; however, all but one of the amines had to be synthesized,
making them less convenient than the commercially available MAA.68 This study was
undertaken with the goal of finding a commercially available functional monomer that
would bind acidic templates as well as MAA binds basic templates.
There are a number of commercially available monomers possessing interactive
amine functionality that can be used for molecular imprinting acids (Aldrich Chemical
Co.), which are shown in Figure 4.1. From the commercial pool, five monomers were
chosen as viable candidates for study. These monomers have been investigated for
molecular imprinting in various studies, but have not yet been directly compared in
parallel on the same system. A decade ago, 4-vinylpyridine (4-VPY, 4.3) and 1vinylimidazole (1-VIM, 4.4) were evaluated as functional monomers for MIPs using
amino acid derivatives as templates, whereupon MIPs incorporating 4-VPY were found
to provide better racemic resolution than MIPs formulated with 1-VIM.69 Since this
initial study, several other groups have successfully employed 4-VPY to form MIPs with
specific binding properties.70-75 A number of reports have also looked at 1-VIM as a
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functional monomer; however, these are primarily for formation of catalytic MIPs, and
binding was not rigorously evaluated.76-77 Another pyridinyl monomer, 2-vinylpyridine
(2-VPY, 4.2), was more recently examined for binding selectivity under aqueous reversephase conditions , while normal-phase examples used 2-VPY in conjunction with
74

methacrylic acid (MAA).78-79 MIPs incorporating aliphatic amine-functionalized
monomers, such as 2-(dimethylamino)ethyl methacrylate (2-DEMA, 4.1), have been
successful for chromatography and sensor applications.80-82 The monomer, 3aminopropyl methacrylamide (3-APM, 4.5), is potentially useful as a primary amine
monomer candidate for binding and catalysis, although selectivity has not yet been
achieved.

68

Several potential monomers in Figure 4.1 were ruled out as candidates for
different reasons; for example, photointiated polymerization was inhibited by 4vinylaniline (4.6). The 2-aminoethyl methacrylate (4.7) undergoes rearrangement to 2hydroxyethyl methacrylamide which is no longer an amine-based monomer. This
problem is avoided when the amine is fully substituted as in the case of functional
monomer 4.1 (2-DEMA); or when large groups are on or adjacent to the amine, which
sterically encumbers interactions with the amine, such as 2-(tert-butylamine)ethyl
methacrylate (4.8), which cannot be used because the butyl group block the necessary
interactions for formation of the pre-polymer complex. Because of similarities to 2DEMA and 3-APM, 3-(dimethylamino)propyl methacrylate (4.9) and 3(dimethylamino)propyl methacrylamide (4.10) were not investigated. The monomers 3(acrylamidopropyl)trimethylammonium chloride (4.11) and 2-(acryloxyl)ethyl
trimethylammonium chloride (4.12) are only soluble in aqueous solvents and were not
compatible with the organic solvent conditions necessary for imprint polymerization.
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Figure 4.1. Structures of commercially available amine-based functional monomers.
4.1.2 Results and Discussion
4.1.2.1 Survey of Commercially Available Monomers
The performance of functional monomers in Figure 4.1 was systematically
evaluated using the template t-BOC-L-phenylalanine (t-BOC-L-Phe, Figure 4.2). This
template was chosen because it has a single chiral center allowing enantioselectivity, the
best probe for MIP performance, to be used as a diagnostic of imprinting performance.
Molecularly imprinted polymers were synthesized using the L-enantiomer of t-BOC-Phe,
and the selectivity of the MIPs was determined by HPLC under isocratic conditions. The
HPLC data obtained in the form of retention and separation factors are presented in Table
4.1. Three key findings can be drawn from the data in this table. First, the pyridine
monomers, 2-vinylpyridine (2-VPY) and 4-vinylpyridine (4-VPY), show the highest
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selectivity of the functional monomers investigated. Second, 2-VPY exhibits higher
selectivity than 4-VPY. Third, the aliphatic amine-based functional monomers, entries 46, had lower selectivity than the aromatic amine-based functional monomers, entries 1-3,
but had higher binding affinity. These will each be discussed in turn.
O

OH
O
N
H

O

4.13
Figure 4.2. Template for evaluating MIP's employing different functional monomers.
Table 4.1. Binding and selectivity data for MIPs to tboc-L-Phe employing different
monomersa
Entry
Polymer
Functional
Treatment
kL'
kD'
α
Monomer
1
P-2-VPY
Imprinted
1.4 ± 0.01 0.80 ± 0.01 1.8
4.2
Non imprinted
0.35 ±
0.35 ± 0.01 1.0
0.003
2
P-4-VPY
Imprinted
1.4 ± 0.01 0.93 ± 8E1.5
4.3
8
Non imprinted 0.89 ± 0.04 0.89 ± 0.04 1.0
3
P-1-VIM
Imprinted
2.6 ± 0.01
2.2 ± 0.01
1.2
4.4
Non imprinted 1.4 ± 0.01
1.4 ± 0.01
1.0
4
P-2-DEMA
Imprinted
10.9 ± 0.1
9.7 ± 0.1
1.1
4.1
Non imprinted 5.5 ± 0.04 5.5 ± 8E-8
1.0
5
P-3-APM
Imprinted
6.4 ± 0.02
6.4 ± 0.06
1.0
4.5
Non imprinted
8.1 ± 0.2
8.1 ± 0.03
1.0
6
P-(2-VPY +
Imprinted
3.3 ± 0.1
3.1 ± 0.04
1.1
4.2 + 4.1
2-DEMA)
a
HPLC conditions: Flow rate: 1.0 mL/min, UV detection at λ = 257nm, injections were
5.0 µL of a 1.0 mmol sample, mobile phase = 98/2(v/v): acetonitrile/acetic acid
4.1.2.2 Comparison of Vinyl-Pyridine Monomers
One of the key findings from the initial study is that 2-VPY gives higher
enantioselectivity than 4-VPY under optimized HPLC conditions. This finding was in
contrast to a report that 4-VPY exhibited higher selectivity in MIPs than 2-VPY74, but the
rebinding experiments were carried out under reverse-phase conditions with a large
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aqueous content. MIPs containing 2-VPY have been reported to give higher selectivity
than 4-VPY, but in this case were used as functional monomers in conjunction with
MAA instead of testing the amine functionality independently.79
To investigate whether the differences between 2-VPY and 4-VPY are general,
several other templates (Fig. 4.3) were imprinted using both functional monomers. HPLC
experiments were conducted as in the initial study to determine retention factors and
enantioselectivity (Table 4.2). When Table 1 and 2 are combined, it appears that no
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Figure 4.3. Templates for comparing MIPs employing 2-VPY versus 4-VPY.
Table 4.2. Comparison of MIPs to different templates using 2-VPY and 4-VPY
monomersa
Entry Template Functional
Treatment
kL'
kD'
α
Monomer
1
Imprinted
0.44 ± 0.01 0.41 ± 0.01 1.08
4.14
4.2
Non imprinted
0.77 ± 0.01 0.66 ± 0.01 1.17
2
Imprinted
0.55 ± 0.01 0.52 ± 0.004 1.05
4.14
4.3
Non imprinted 0.64 ± 0.003 0.58 ± 0.0 1.09
3
Imprinted
0.08 ± 0.01 0.08 ± 0.01 1.00
4.15
4.2
Non imprinted
0.79 ± 0.01 0.75 ± 0.03 1.06
4
Imprinted
1.37 ± 0.02 1.06 ± 0.01 1.29
4.15
4.3
Non imprinted 1.07 ± 0.004 1.07 ± 0.0 1.00
5
Imprinted
0.81 ± 0.004 0.81 ± 0.004 1.00
4.16
4.2
Non imprinted
0.48 ± 0.03 0.49 ± 0.006 0.99
6
Imprinted
2.77 ± 0.04 1.36 ± 0.02 2.04
4.16
4.3
Non imprinted 1.26 ± 0.003 1.26 ± 0.001 1.00
a
HPLC conditions: Flow rate: 1.0 mL/min, UV detection was λ = 254nm for 4.14, λ =
258nm for 4.15, and λ = 280nm for 4.16, injections were 5.0 µL of a 1mmol sample,
mobile phase = 98/2(v/v): acetonitrile/acetic acid.
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Figure 4.4. Chromatograph of resolution for enantiomers of tboc-tryptophan using MIP
incorporating 4-VPY as functional monomer.
consistent trend is found indicating better performance by either 2-VPY or 4-VPY;
instead, the results show the choice of functional monomer to be template specific.

4.1.2.3 Comparison of Aromatic versus Non-aromatic Functional Monomers
As illustrated in Table 4.1, the MIPs exhibiting the best selectivity were those
containing aromatic amine-based functional monomers. This behavior seems to point to
the influence of binding group directionality and monomer flexibility on MIP selectivity
(Figure 4.5).36 The aromatic amines are capable of hydrogen bonding and/or electrostatic
interactions with the template in a single, coplanar direction. This is what is meant by
binding group directionality. On the other hand, a primary amine on the MIP, provided
by monomers such as N-(3-aminopropyl)methacrylamide (4.5), presents a charge that can
be regarded as spherical in nature, which does not provide directionality, although it does
provide a strong binding interaction. Also, the aliphatic amines have more
conformational flexibility, which likely results in MIPs with reduced selectivity due to
higher entropic forces associated with rebinding of the template to the binding site.
The binding affinities of the aliphatic amine functionalized polymers were
consistently higher than those of the aromatic amines. This is the result of the higher
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basicity of the aliphatic amines, with pKa’s in the range of 9.0-10.5, versus pKa’s of 5.06.5 for the aromatic amines. A composite MIP, entry 6 table 4.1, was made that should
have taken advantage of the directionality of the aromatic amines and the stronger
binding of the aliphatic amines; however, it was found that binding behavior paralleled
that of the aliphatic amine. This is probably due to the fact that the aliphatic amine
dominated the pre-polymer complex due to the similar binding affinity and selectivity of
the composite material to that of the aliphatic amine functionalized material, Entry 4.

Figure 4.5. A. Representation of a spherical charge in an aliphatic amine functional
group and non directional binding that is present. B. Representation of single, coplanar
charge in an aromatic amine functional group and the directional binding that is present.
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4.1.2.4 Molecular Imprinting of Aminophosphonic Acids
Carboxylic acids are not the only organic acids of interest for separation and
detection, phosphates and phosphonic acids represent a large class of bioactive
molecules, chemical warfare agents, and pesticides. Most reports of polymers imprinted
with phosphates and phosphonic acids made use of these templates as transition state
analogs for eliciting catalytic MIPs.77,83-87 For these polymers, polymerizable imidazole
derivatives have been used, including the commercially available 1-vinylimidazole;
however, catalysis and not selectivity in these polymers was evaluated. Aqueous phase
recognition of phosphates and phosphonates was explored by Sasaki and coworkers,
however, the MIPs were made using highly specialized sol-gel materials.88 With the
experience obtained from the study of carboxylate imprinted MIPs, binding and
selectivity of MIPs elicited toward phosphate compounds was evaluated using 2-VPY
and 2-DEMA.
Polymers were imprinted using (1S)-(+)-(N-carbobenzoxy1-aminoethyl)
phosphonic acid (4.17) and (1S)-(+)-(1-benzyloxy-carbonylamino-2-methyl-propyl)phosphonic acid (4.18) (Figure 4.6), as well as N-carbobenzyloxy-L-valine (4.19), a
carboxylate structural analogue to 4.17. In general, the aminophosphonic acids bound to
the MIPs with much higher affinity than the carboxylates, so a polar aqueous mobile
phase was required. As Table 4.3 illustrates, selectivity was only found for the MIPs
incorporating the 2-VPY functionality, while the best binding affinity was found for the
MIPs containing the 2-DEMA functionality. These findings were in agreement with the
carboxylate results; however, when Entries 3 and 4 from Table 3 are compared, the
carboxylate acids appear to imprint better than the aminophosphonic acids in terms of
enantioselectivity. This is likely due to non-specific interactions possible with both
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phosphate groups that create less specific sites, versus the single interaction elicited by
the carboxylate.
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Figure 4.6. Structures of templates used for aminophosphonic acid binding study.
Table 4.3. Binding and selectivity data for aminophosphonic acid and carboxylate
templated MIPsa
Entry Template Functional
Treatment
kL'
kD'
Monomer
1
Imprinted
0.31 ± 0.003 0.30 ± 0.008
4.17
2
Non imprinted
0.0 ± 0.04
0.0 ± 0.004
2
Imprinted
4.14 ± 0.2
4.14 ± 0.2
4.17
1
Non imprinted
4.37 ± 0.02 4.38 ± 0.05
3
Imprinted
0.33 ± 0.0
0.29 ± 0.01
4.18
2
Non imprinted
0.0 ± 0.004 0.0 ± 0.004
4
Imprinted
0.33 ± 0.02 0.21 ± 0.01
4.19
2
Non imprinted 0.11 ± 0.003 0.11 ± 2E-9
a
HPLC conditions: Column length, 10.0 cm, i.d. 2.1 mm; flow rate: 0.1mL/min; UV
detection at λ = 262nm; injections were 5.0 µL of a 1.0 mmol sample; mobile phase:
70/30(v/v): acetonitrile/50.0 mmol KHPO4 buffer (pH = 4.5)

α
1.03
1.00
1.00
1.00
1.15
1.00
1.47
1.00

4.1.3 Conclusions
A survey of commercially available amine-based functional monomers was
conducted in order to form carboxylate and phosphonic acid binding MIPs. It was shown
that the best binding occurs with 2-DEMA while the best selectivity occurs with
vinylpyridine monomers. The choice between 2-vinylpyridine and 4-vinylpyridine was
investigated for a short series of templates, but the results showed no definitive trend;
instead the preference seemed to be template specific. The results of the survey also show
that aliphatic amine-based functional monomers have higher binding affinities while
aromatic amine-based functional monomers have higher selectivities. This has been
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postulated to arise from directional binding between the template and aromatic aminebased functional monomers, which is not present in the aliphatic amine-based functional
monomers. A comparison between carboxylate and aminophosphonic acid templates of
similar shape and steric perimeters shows the carboxylate MIPs to have higher selectivity
and the aminophosphonic acid MIPs to have higher binding affinities. In summary,
vinylpyridine monomers can be considered the commercially available counterpart to
methacrylic acid for the binding of acid based templates.

4.1.4 Experimental
4.1.4.1 General
Unless otherwise noted, chemicals were purchased from Aldrich Chemical
Company. All solvents were purchased from commercial sources and used as received.
(1S)-(+)-(N-carbobenzoxyl-1-aminoethyl) phosphonic acid (4.17), (1R)-(-)-(Ncarbobenzoxyl-1-aminoethyl) phosphonic acid, (1S)-(+)-(1-benzyloxy-carbonylamino-2methyl-propyl)-phosphonic acid (4.18), and (1R)-(-)-(1-benzyloxy-carbonylamino-2methyl-propyl)-phosphonic acid were all synthesized by a procedure similar to that
described previously for (N-carbobenzoxyl-1-aminoethyl) phosphonic acid.89

4.1.4.2 Polymer Preparation
The following procedure was used for all imprinted polymers. Ethylene glycol
dimethacrylate (2.84 mL, 15.1 mmol), acetonitrile (4 mL), functional monomer (3.1
mmol), 2, 2'-azobis(2-methylpropionitrile) (0.031 g, 0.19 mmol), and template (0.77
mmol) were mixed together and placed into two screw top test tubes. The solutions were
purged with nitrogen for five minutes, capped, and then sealed with Teflon tape and
parafilm. The samples were placed into a photochemical turntable reactor (ACE Glass
Inc.) that was immersed in a constant temperature bath. A standard laboratory UV light
58

source (a Canrad-Hanovia medium pressure 450 W mercury arc lamp) jacketed in a
borosilicate double-walled immersion well was placed at the center of a turntable holding
the samples. The polymerization was initiated photochemically at 20 °C and the
temperature maintained by both the cooling jacket surrounding the lamp and the constant
temperature bath holding the entire apparatus and the polymerization allowed to proceed
for 10 h. The polymers were extracted with methanol using a Soxhlet apparatus for 24
hours to remove the template, porogen, and any unreacted material.

4.1.4.3 HPLC Evaluation of MIPs
The polymers were ground using a mortar and pestle, the particles were sized
using U.S.A. Standard Testing Sieves (VWR), and the fraction between 20-25 µm was
collected. The particles were slurry packed, using a Beckman 1108 Solvent Delivery
Module, into stainless steel columns (length, 10.0 cm, i.d. 4.6 mm) to full volume
(approximately 0.6 g of polymer) for chromatographic experiments, unless otherwise
indicated. The polymers were then equilibrated online, prior to HPLC analyses performed
isocratically at room temperature (22 °C) using a Hitachi L-7100 pump with a Hitachi L7400 detector. All HPLC analyses were performed in triplicate under isocratic conditions
using the optimal mobile phase found for each polymer. The void volume was
determined using acetone as an inert substrate. The separation factors, α, were measured
as the ratio of capacity factors (k'S/k'R). The capacity factors were determined by the
relation k' = (tR – to) / to, where tR is the retention time of the substrate, and to is the
retention time of an analyte not retained by the column.

(1S)-(+)-(N-carbobenzoxy1-aminoethyl) phosphonic acid (4.17) (1S)-(+)-(1aminoethyl) phosphonic acid (0.25 g, 1.38 mmol) was placed into a scintillation vial. 1
mL of H2O was added and the mixture was stirred at room temperature for 10 minutes. 4
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N NaOH was added till the pH of the solution was 9-9.5 and the solution was cooled to 0
o

C. Benzyl chloroformate (0.99 mL, 6.90 mmol) was dissolved in 1 mL of diethyl ether.

This was added to the phosphonic acid. The mixture was stirred overnight at room
temperature and was then extracted with diethyl ether (discarded). The water layer was
then acidified with conc. HCl and the product extracted into diethyl ether, dried with
MgSO4, then evaporated to dryness. The solid mixture was then triturated with EtOAc to
yield a pure white solid in 94% yield. 1H-NMR (250 MHz, CDCl3). δ 7.34(5H, m),
5.1(2H, s), 4.0(1H, m), 1.36(3H, dd).

(1R)-(+)-(N-carbobenzoxy1-aminoethyl) phosphonic acid (1R)-(+)-(1aminoethyl) phosphonic acid (0.33 g, 0.26 mmol) was placed into a scintillation vial. And
1 mL of H2O was added and the mixture was stirred at room temperature for 10 minutes.
4 N NaOH was added till the pH of the solution was 9-9.5 and the solution was cooled to
0 oC. Benzyl chloroformate (0.19 mL, 0.22 mmol) was dissolved in 1 mL of diethyl ether.
This was added to the phosphonic acid. The mixture was stirred overnight at room
temperature and was then extracted with diethyl ether (discarded). The water layer was
then acidified with conc. HCl and the product extracted into diethyl ether, dried with
MgSO4, then evaporated to dryness. The solid mixture was then triturated with EtOAc to
yield a pure white solid in 71% yield. 1H-NMR (250 MHz, CDCl3). δ 7.34(5H, m),
5.1(2H, s), 4.0(1H, m), 1.36(3H, dd).

(1S)-(+)-(1-benzoylamino-2-methyl-propyl)-phosphonic acid (4.18). (1S)-(+)(1-amino-2-methyl-propyl) phosphonic acid (0.10 g, 0.65 mmol) was placed into a
scintillation vial. 1 mL of H2O was added and the mixture was stirred at room
temperature for 10 minutes. 4 N NaOH was added till the pH of the solution was 9-9.5
and the solution was cooled to 0 oC. 0.240 mL of benzyl chloride (0.11 mL, 0.97 mmol)
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was dissolved in 1 mL of diethyl ether. This was added phosphonic acid. The mixture
was stirred for 10 hrs at 0 oC, with base added periodically to keep the pH around 9.5.
The mixture was then extracted with diethyl ether (discarded). The water layer was then
acidified with conc. HCl and the product extracted into diethyl ether, dried with MgSO4,
then evaporated to dryness. The resulting white solid was obtained in 92% yield. 1HNMR (250 MHz, CDCl3). δ 7.87(2H, m), 7.47(3H, m), 4.38(1H, m), 2.30(1H, m),
1.10(6H, m).

(1S)-(1-benzoylamino-ethyl)-phosphonic acid. (1S)-(+)-(1-aminoethyl)
phosphonic acid (0.050 g, 0.40 mmol) was placed into a scintillation vial. 1 mL of H2O
was added and the mixture was stirred at room temperature for 10 minutes. 4 N NaOH
was added till the pH of the solution was 9-9.5 and the solution was cooled to 0 oC.
Benzyl chloride (0.070 ml, 0.60 mmol) was dissolved in 1 mL of diethyl ether. This was
added phosphonic acid. The mixture was stirred for 10 hrs at 0 oC, with base added
periodically to keep the pH around 9.5. Then the mixture was extracted with diethyl ether
(discarded). The water layer was then acidified with conc. HCl and the product extracted
into diethyl ether, dried with MgSO4, then evaporated to dryness. The resulting white
solid was obtained in 92% yield. 1H-NMR (250 MHz, CDCl3). δ 7.88(2H, m), 7.52(3H,
m ), 4.25(1H, m), 1.54(3H, m).

4.2 Particle Size and Flow Rate Optimization of Non-Covalent Molecularly
Imprinted Polymers.90
4.2.1 Introduction
Traditional MIPs are synthesized by forming a mixture of a template and a
functional monomer that is capable of complexation with the template, and then
polymerizing the mixture in the presence of an initiator, solvent and crosslinking
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monomer.88-92 This affords rigid molecular scaffolding that will selectively bind the
templated molecule.93 Recently, this laboratory has found that N,Obismethacryloylethanolamine (NOBE), a crosslinking monomer, provides an imprinted
network material with better binding properties without the addition of any other
monomer.94 These materials are referred to as “OMNiMIPs”, which is an acronym for
one-monomer molecularly imprinted polymers, and a general outline of this strategy is
shown in Figure 4.7.
The OMNiMIP strategy differs from the traditional MIP synthetic scheme in that
only one monomer is used, which acts as both the functional monomer and crosslinking
monomer. This eliminates the need to optimize the ratio of functional monomer to
crosslinker, which is determined empirically. The large amount of crosslinker needed
limits the amount functional monomer used, which in turn has a limiting impact on the
performance of the imprinted polymer.36,95
While methods for formation of MIP particles are still in the development
stage,96-104 traditional bulk methods of synthesis still often result in the highest
performance materials. Once synthesized, the bulk MIP can be sized into particles that
are conveniently pre-disposed as chromatographic stationary phases. Particle sizes of
traditionally formed MIPs reported in the literature have been variable, and only a few
reports have studied the effect of particle size on MIP chromatographic performance.105106

This study systematically investigates the chromatographic performance of the new

OMNiMIP materials versus particle size compared to equivalently made EGDMA/MAA
MIPs.
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Figure 4.7. Outline of the OMNiMIP strategy.
4.2.2 Results and Discussion
The objectives of this study were to evaluate the performance of different particle
sizes of NOBE OMNiMIPs versus MIPs made with EGDMA/MAA. Both imprinted
polymers were evaluated chromatographically using a template previously shown to be
effective for NOBE imprinting, t-BOC-tyrosine94; using primarily the mobile phase 99/1
acetonitrile/acetic acid, which was employed successfully in earlier NOBE OMNiMIPs
evaluations. Several flow rates were investigated to take into account possible
relationship between mass-transfer kinetics and particle size. The separation factors for
the NOBE OMNiMIPs are shown in Figure 4.8 versus particle size. The figure shows that
the best enantioselectivity was found for the particles sizes above 25 µm, with 38-45 µm
size range having the highest value. The separation factors for the EGDMA/MAA MIPs,
shown in Figure 4.9, essentially parallel the trend found with the OMNiMIPs, although
the absolute values were found to be lower. The particles above 25 µm showed the
highest enantioselectivity, with 38-45 µm size range having the highest value. These
results reflect similar findings made earlier for imprinted polymers made with a similar
EGDMA/MAA formulation, which also showed the greatest chromatographic
enantioselectivity for particles larger than 25 µm.105-106 The fact that the best separation
63

factors, including those presented here (Figures 4.8 and 4.9), are found for the particles
larger than 25 µm is somewhat surprising because smaller particles potentially offer
greater surface accessibility, lower path-length diffusion distances for faster mass-transfer
kinetics of substrates, and possibly greater access to buried binding sites. A possible
explanation for this provided by an earlier publication suggested that the decreased
1 06

selectivity of particles less than 25 µm could be due to the destruction of a significant
number of high-affinity sites. At this time, there is not enough evidence to advance any
models to explain this behavior; though it is tempting to postulate some sort of significant
morphological change around 25 µm that would affect the selectivity of binding sites.
Two other possible explanations may be the destruction of a large number of binding
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Figure 4.8. Alpha versus particle size for NOBE OMNiMIPs using 99/1
acetonitrile/acetic acid.
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Figure 4.9. Alpha versus particle size for EGDMA/MAA using 99/1 acetonitrile/acetic
acid.
sites of average selectivity in the 25 µm range, or density changes in the polymer that
limit access of substrates to the binding sites.
Flow rate was also investigated for the different particle sizes. As Figures 4.8 and
4.9 show, low flow rates (e.g. 0.1 mL/min) showed better performance than the higher
flow rates (e.g. 1.0 mL/min) for each of the different particle sizes. This may be due to
increased residence time of substrates diffusing through the polymer, which can afford
greater exposure of the substrate to the binding sites within the bulk of the polymer.
In addition to enantioselectivity, the efficiency (i.e. number of theoretical plates)
per gram of polymer for both MIPs was calculated using equation (4.1)107:
5.54(Rt / W1 / 2 )
N=
g

2

(4.1)

65

where Rt is the retention time, W1/2 is the width of the peak at half height, g is the grams
of polymer packed into the column for each particle size at each flow rate. The efficiency
for the OMNiMIPs, shown in Figure 4.10, shows little change as the particle size changes
due to the broad peaks obtained on the HPLC. The EGDMA/MAA polymers, shown in
Figure 4.11, have a much higher efficiency for particles in the 20-25 µm size. The
EGDMA/MAA polymers also have higher efficiency at all particle sizes when compared
to the OMNiMIPs, due to the small peak widths obtained. NOBE OMNIMIPs suffer very
broad peaks which are the cause of low efficiency. The figures also show a reduction in
the number of theoretical plates as the flow rate increases, again due to decreased
residence time of substrates diffusing through the polymer under higher shear conditions.
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Figure 4.10. Number of theoretical plates per gram versus particle size for NOBE
OMNiMIPs using 99/1 acetonitrile/acetic acid
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Lastly, resolution (Rs) was calculated for each polymer using equation (2):
Rs =

1 ⎡ α − 1⎤ 1 / 2 ⎡ k ' ⎤
N ⎢
4 ⎢⎣ α ⎥⎦
⎣1 + k ' ⎥⎦

(4.2)

where α is the separation factor and k’ is the capacity factor (defined in the experimental).
The resolution for the OMNiMIPs, illustrated in Fig. 4.12, shows that particles above 20
µm have the highest resolution, which is further illustrated in the cascade diagram in
Figure 4.13 for racemic mixtures of t-BOC-tyrosine on the OMNiMIPs of different
particle sizes. The best resolution was found with the particles in the 38-45 µm size
range, which is also the size range exhibiting the best separation factor (Figure 4.8). The
resolution for the EGDMA/MAA, illustrated in Figure 4.14, shows that the particles in
the 20-25 µm size range had the best resolution. The high efficiency found for this
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Figure 4.11. Number of theoretical plates per gram versus particle size for
EGDMA/MAA MIPs using 99/1 acetonitrile/acetic acid.
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Figure 4.12. Resolution versus particle size for NOBE OMNiMIPs using 99/1
acetonitrile/acetic acid.

Figure 4.13. Elution profile of a racemic mixture of (1) t-BOC-D-tyrosine and (2) tBOC-L-tyrosine for identical OMNiMIP chromatographic stationary phases of different
particle size ranges.
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Figure 4.14. Resolution versus particle size for EGDMA/MAA using 99/1
acetonitrile/acetic acid.
particle size range, shown in Figure 4.11, could not be entirely offset for the higher
separation factors found for particles above 25 µm. However, no resolution of racemic
mixtures of t-BOC-tyrosine was found for the EGDMA/MAA MIPs of different particle
sizes, highlighting the improved chromatographic properties of OMNiMIPs.

4.2.3 Conclusions
One of the most important findings from this study is that the optimum separation
factor was found for particles larger than 25µm for both traditionally formed
EGDMA/MAA MIPs and the new OMNiMIP materials. Improved enantioselectivity was
also found when the mobile phase flow rate was decreased. OMNiMIP materials were
found to provide better chromatographic performance for the separation of t-BOCtyrosine. The minimal particle size range should be used to avoid peak broadening.
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4.2.4 Experimental
4.2.4.1 Materials
Ethylene glycol dimethacrylate (EGDMA, Polysciences) was distilled in vacuo
(94 °C) over boiling chips prior to polymerization. N,O-bismethacryloyl
ethanolamine(NOBE) was synthesized by a previously published method.108 Methacrylic
acid (MAA, Aldrich) was distilled over CaH2 (80 °C) prior to polymerization. Sodium
bicarbonate, MgSO4, t-BOC-L-tyrosine, t-BOC-D-tyrosine and 2,2'-azobisisobutyronitrile
(AIBN) were all purchased from Aldrich Chemicals and used without further
purification. All solvents were HPLC grade and obtained from Fisher Scientific and were
used without further purification.

4.2.4.2 Polymer Preparation
4.2.4.2.1 NOBE Polymer
In a borosilicate scintillation vial, 0.323 g (1.15mmol) of the t-BOC-L-tyrosine
was dissolved in 4.3 mL acetonitrile. To this solution was added 4.45 g (22.6 mmol)
NOBE and 0.0620 g (0.367 mmol) AIBN. The control polymer was formulated in a
similar fashion, without introduction of a template molecule. Each solution was separated
into three 13 mm x 100 mm screw cap tubes and each tube purged by bubbling nitrogen
gas into the mixture for 5 minutes, then capped and sealed with Teflon tape and parafilm.
The sealed vials were then placed into a photopolymerization apparatus for further
experimentation.

4.2.4.2.2 EGDMA Polymer
In a borosilicate scintillation vial, 0.463 g (1.65 mmol) of the t-BOC-L-tyrosine
was dissolved in 5.4 mL acetonitrile. To this solution was added 5.01 g (25.3 mmol)
EGDMA, 0.561 g (6.52 mmol) MAA and 0.0850 g (0.518 mmol) AIBN. The control
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polymer was formulated in a similar fashion, without introduction of a template
molecule. Each solution was separated into three 13 mm x 100 mm screw cap tubes and
each tube purged by bubbling nitrogen gas into the mixture for 5 minutes, then capped
and sealed with Teflon tape and parafilm. The sealed vials were then placed into a
photopolymerization apparatus for further experimentation.

4.2.4.2.3 General Polymerization Condition
The samples were inserted into a photochemical turntable reactor (ACE Glass
Inc.) which was immersed in a constant temperature bath. A standard laboratory UV light
source (a Canrad-Hanovia medium pressure 450 W mercury arc lamp) jacketed in a
borosilicate double-walled immersion well was placed at the center of the turntable. The
polymerization was initiated photochemically at 20 °C and the temperature maintained by
both the cooling jacket surrounding the lamp and the constant temperature bath holding
the entire apparatus. The polymerization was allowed to proceed for 10 h, and the
resulting polymers were used for chromatographic experiments.

4.2.4.3 Chromatographic Experiments
The polymers were ground using a mortar and pestle, the particles were sized
using U.S.A. Standard Testing Sieves (VWR). The particles were slurry packed, using a
Beckman 1108 Solvent Delivery Module, into stainless steel columns (length, 10.0 cm,
i.d. 2.1 mm) to full volume for chromatographic experiments. The particles sized at less
than 20µm were fractionated before packing to remove the smallest particles. To
fractionate the material, the particles sized at less than 20 µm were placed into a 20 mL
scintillation vial and was filled with solvent. After rigorous shaking, the vial containing
the material was allowed to settle and the supernatant liquid was decanted off. The
procedure was repeated until the solvent was completely clear after particle
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sedimentation. The polymers were then equilibrated online. HPLC analyses were
performed isocratically at room temperature (22°C) using a Hitachi L-7100 pump with a
Hitachi L-7400 detector. Four different flow rates were used: 0.1 mL/min, 0.2 mL/min,
0.5 mL/min, and 1.0 mL/min. The mobile phase used was 99/1 acetonitrile/acetic acid.
Sample injections were 5µL of a 1.0 mM solution of tyrosine in acetonitrile. The void
volume was determined using acetone as an inert substrate. The capacity factors were
determined by the relation k' = (tR – to) / to, where tR is the retention time of the substrate,
and to is the retention time of an analyte not retained by the column. The separation
factors, α, were measured as the ratio of capacity factors (k'L/k'D).

4.3 Molecularly Imprinted Polymers as Stationary Phases in Thin Layer
Chromatography and Radial Chromatography
4.3.1 Introduction
While molecularly imprinted polymers have been used extensively in HPLC and
batch rebinding studies, they have only recently been employed as stationary phases in
thin-layer chromatographic (TLC) experiments109,110 Mosbach et al. 109 have found that
TLC plates made with MIPs as the stationary phases retained the molecular recognition
properties of the MIP. The MIP coated TLC plates are useful for the identification of
enantiomers in reaction mixtures; however, large scale separation still requires other
types of chromatography. Radial chromatography is one form of chromatography that
could take advantage of an MIP stationary phase. It is a preparative scale form of
chromatography that does not suffer from band spreading that is common in column
chromatography.
The Chromatotron is a commercially available, preparative scale separation
apparatus that is relatively cheap when compared to preparative scale HPLC. It uses a
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1. Mixture
2.Solvent

Glass Rotor coated with
the stationary phase

Figure 4.15: Illustration of radial chromatography with a molecularly imprinted
stationary phase.
radial thin layer chromatography plate that is centrifugally accelerated in the presence of
solvent to obtain separation of a mixture of compounds, as illustrated in Figure 4.15.111
Radial chromatography does not require spotting and scraping of plates needed for
preparative TLC or the expensive equipment necessary for HPLC separations.
Separations are relatively fast, require minimal amount of solvent and can be set up to
accomplish gradient elutions easily. The stationary phase used in radial chromatography
can separate up to 0.5 g of a single compound from 1.0 g mixture of compounds and can
be regenerated after use. Building on the successful use of MIPs as stationary phases in
TLC, the use of molecularly imprinted stationary phases in radial chromatographic
experiments was investigated.
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4.3.2 Results and Discussion
4.3.2.1 Thin Layer Chromatography Using Molecularly Imprinted Polymers as the
Stationary Phase
Before the use of molecularly imprinted polymers in radial chromatography could
be investigated, an experiment was conducted to verify the use of molecularly imprinted
polymers as stationary phases in thin layer chromatography. Using the same experimental
procedure used by Mosbach et al., a molecularly imprinted polymer using L109

phenylalanine methyl ester (4.20, Scheme 4.1) was used as the stationary phase for TLC
experiments. The TLC plates, as illustrated in Figure 4.16, showed separation of the two

Scheme 4.1: Molecular imprinting of L-phenyl alanine methyl ester.
O

O
O

H2N
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EGDMA
OH

MIP
AIBN, CHCl3

4.20

enantiomers of phenylalanine methyl ester, giving an alpha value of 1.3 with 95/5
acetonitrile/acetic acid as the mobile phase.

4.3.2.2 Radial Chromatography Using Molecularly Imprinted Polymers as the
Stationary Phase
The goal of this project was to use a molecularly imprinted polymer (MIP), shown
in Scheme 4.1, as the stationary phase in radial chromatography. The formulation for the
radial chromatographic plate was the same as that for the TLC plates: a ratio of 1:1
gypsum binder to MIP, ten weight percent of fluorescent dye, and water. Using the
original formulation showed that the plates lacked mechanical stability, resulting in the
stationary phase coming off of the plate when centrifugal force was applied with
acetonitrile as the mobile phase. To alleviate this problem, the percentage of binder to
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Figure 4.16: Illustration of the chiral separation of L- and D-phenylalanine methyl ester
on plates covered with L-phenylalanine methyl ester imprinted and nonimprinted
polymers.
molecularly imprinted polymer was changed from 1:1 gypsum:MIP to 2:1 gypsum:MIP
in the hopes of producing a stationary phase that would bind better to the glass rotor. The
2:1 ratio did indeed bind the stationary phase to the glass rotor better, but the mobile
phase, acetonitrile, did not separate the two enantiomers of phenylalanine methyl ester.
When the same mobile phase from the TLC experiment was used, 95:5 /
acetonitrile:acetic acid, the stationary phase came off of the glass rotor. Therefore the
presence of acetic acid inhibits the binding of the stationary phase to the glass rotor.

4.3.3 Conclusions
The thin layer chromatographic plates made with a stationary phase consisting of
a polymer imprinted with L-phenylalanine methyl ester could achieve separation of the L
and D enantiomers of the ester. Radial chromatographic plates were made, but the plates
were not mechanically stable under acidic conditions with centrifugal force applied.
Possible future work on the project should focus on the increasing the stability of the
plates under acidic conditions, which could be accomplished by using a new binder such
as polyethylene or methylcellulose.109
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4.3.4 Experimental
4.3.4.1 Materials
Ethylene glycol dimethacrylate (EGDMA, Polysciences) as received, was distilled
in vacuo (94 °C) over boiling chips prior to polymerization. Methacrylic acid was (MAA,
Aldrich) was distilled over CaH2 (80 °C). L-Phenylalanine ethyl ester and Dphenylalanine ethyl ester were purchased as the hydrochloride salts from Aldrich
Chemicals and liberated to the free amine with sodium ethoxide/ethanol solution. 2,2'azobisisobutyronitrile (AIBN) was purchased from Aldrich Chemicals and used without
further purification. All solvents were HPLC grade and obtained from Fisher Scientific.
They were used without further purification.

4.3.4.2 Polymer Preparation
Ethylene glycol dimethacrylate (52.64 mL, 279.15 mmol), chloroform (50 mL),
methacrylic acid (4.622 mL, 55.83 mmol), 2,2'-azobis(2-methylpropionitrile) (0.373 g,
3.489 mmol), and L-phenylalanine methylester (2.5 g, 13.95 mmol) were mixed together
and placed into screw-top test tubes. The solutions were purged with nitrogen for five
minutes, capped, and then sealed with Teflon tape and parafilm. The samples were placed
into a photochemical turntable reactor (ACE Glass Inc.) which was immersed in a
constant temperature bath. A standard laboratory UV light source (a Canrad-Hanovia
medium pressure 450 W mercury arc lamp) jacketed in a borosilicate double-walled
immersion well was placed at the center of a turntable holding the samples. The
polymerization was initiated photochemically at 20 °C and the temperature maintained by
both the cooling jacket surrounding the lamp and the constant temperature bath holding
the entire apparatus and the polymerization allowed to proceed for 10 h. The polymers
were extracted with methanol using a Soxhlet apparatus for 24 hours to remove the
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template, porogen, and any unreacted material. The control polymer was made using the
same procedure but excluded the L-phenylalanine methylester. The polymers were
ground using a mortar and pestle, the particles were sized using U.S.A. Standard Testing
Sieves (VWR), and the fraction less than 20 µm sized polymer particles was collected
and used for chromatographic studies.

4.3.4.3 Thin Layer Chromatography Plate Preparation
The polymer (<20 µm sized polymer particles, 100 mg), gypsum (100 mg) and
fluorescence indicator green 254 nm (20 mg) were mixed into a 20 mL scintillation vial.
Cold water (1-5 oC, 1.4 mL) was added to the vial and the mixture was sonicated using a
Branson 2510 Ultrasonic Cleaner for one minute. The slurry was then placed onto a
cleaned glass slide (Fisherbrand microscope slides, 3x1 in) using a plastic pipette and
smoothed using a leveled glass rod. The plate was allowed to dry overnight at room
temperature and resulted in a thin layer chromatography plate of roughly 1mm thickness.

4.3.4.4 Chromatographic Procedure
L- and D-Phenylalanine methyl ester were each dissolved separately in
acetonitrile (1.0 mM) and applied to the molecularly imprinted TLC plate via a capillary
to make two small, distinct spots. A mobile phase consisting of 95/5 acetonitrile/acetic
acid was used. Compounds were visualized using a Spectroline model EF-140C UV lamp
(254 nm). Retention factors, Rf, were calculated as the ratio of the distance traveled by
the solute over the distance traveled by the mobile phase. The distance of the solute was
measured from the center of the elliptical spot. The separation factor, α, was calculated as
the ratio of the higher Rf, the nonimprinted enantiomer, over the lower Rf, the imprinted
enantiomer.
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4.3.4.5 Radial Chromatographic Plate Preparation
The polymer (<20 µm sized polymer particles, 25 g), gypsum (25 g) and
fluorescence indicator green 254 nm (10 g) were mixed into a 150 mL glass screw-top
jar. Cold water (1-5 oC, 90 mL) was added to the jar and the mixture was sonicated using
a Branson 2510 Ultrasonic Cleaner for two minutes. The slurry was then poured into a
precleaned radial chromatographic plate (Harrison Research Chromatotron glass plate).
The plate was leveled and then allowed to dry overnight in a dry environment. The plate
was then sized to a thickness of 1 mm using the scraping tool. The plate was then used
for chromatographic experiments on a Harrison Research Chromatotron.

4.4 Polymers Imprinted with Quaternary Ammonium Salts
4.4.1 Introduction
Quaternary ammonium salts are of interest in the field of molecular imprinting for
solid phase extraction from environmental samples. One class of a quaternary ammonium
salts of interest are diquat and paraquat (Figure 4.17), which are insecticides widely used
throughout the world. While diquat has been previously used a template in imprinting112,
a clear procedure for imprinting quaternary ammonium salts has yet to be established.
The goal of the project was to illustrate that quaternary ammonium salt would be viable

N

N

N

Diquat

N

Paraquat

Figure 4.17. Structures of possible quaternary ammonium salts templates.
template for molecular imprinting and to find the proper protocol for imprinting
quaternary ammoniums.
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4.4.2 Polymer Formulations
To investigate if quaternary ammonium salts would be viable templates for
molecular imprinting, two different sized quaternary ammonium salts complexes were
synthesized via salt exchange (Scheme 4.2). The quaternary ammonium salt complexes
were imprinted using the formulations given in Table 4.4. Entries 1 and 4 used the salt
quaternary ammonium complexes synthesized in Scheme 4.2 as templates with no
additional MAA added. The quaternary ammonium salts used in these formulations will
act as a pre-polymer complex. Entries 2 and 5 used the quaternary ammonium salt
complexes from Scheme 4.2 as the templates with 5% added MAA. The quaternary
ammonium salts will again act as the pre-polymer complex, but extra MAA was added to
accurately simulate the interactions present in high affinity binding sites of MIPs. This
phenomenon of multiple functional monomers present in the high affinity binding sites of
MIPs was found by Spivak et al.113 Entries 3 and 6 used the quaternary ammonium

Scheme 4.2: Salt exchange of quaternary ammonium salts.
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OH
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salt before MAA was added to the complexes via salt exchange. This was to test if
quaternary ammonium salts could be imprinted by forming the pre-polymer
complex in situ. The split ratio, the amount of template removed from the polymer by
extraction, was found by NMR to insure that the quaternary ammonium salts were
removed from the polymer before rebinding experiments were conducted.

Table 4.4: Molecular imprinting of quaternary ammonium salts
Polymer
Template
Percentage Percentage of Percentage of
of
EGDMA
MAA
Template
5.0
94.0
0.0
P4.1
4.25
5.0
89.0
5.0
P4.2
4.25
5.0
84.0
10.0
P4.3
4.23
5.0
94.0
0.0
P4.4
4.22
5.0
89.0
5.0
P4.5
4.22
5.0
84.0
10.0
P4.6
4.21
Note: 1.0% AIBN and CHCl3 were used for each polymer.

Split
Ratio
(%)
91.2
87.5
95.6
88.4
98.2
95.9

Table 4.5: Results of molecular imprinting of benzyltrimethylammonium methacrylate
Mobile Phase
Rm
Rb
km
kb
α
99/1 MeCN/HOAc
3.20
3.10
1.13
1.07
1.06
99.5/0.5 MeCN/HOAc
4.00
3.20
1.67
1.13
1.47
99.9/0.1 MeCN/HOAc
A
a
99/1 MeCN/H2O
A
a
A
a
95/5 MeCN/H2O
50/50 MeCN/H2O
3.90
a
16.26
26.22
75/25 MeCN/H2O
50/50 MeCN/MeOH
A
a
90/10 MeCN/MeOH
1.33
a
90/5/5
1.03
a
MeCN/H2O/HOAc
1.32
1.14
B
95/2.5/2.5
MeCN/H2O/HOAc
95/4/1
1.32
1.22
B
MeCN/H2O/HOAc
6.2
5.4
3.5
2.9
1.2
94.9/5/0.1
MeCN/H2O/HOAc
a
Analyte did not elute from the column. Analyte was washed from the column using
methanol. bAlpha value not calculated because analyte eluted faster than the void volume.
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4.4.3 Results and Discussion
Currently, polymer 4.1 is the only one that has been analyzed for optimal mobile
phase, which was found to be 94.9/5/0.1 acetonitrile/water/acetic acid (Table 4.5). While
the 99.5/0.5 acetonitrile/acetic acid mobile phase had the best alpha, the peaks were very
broad compared to the peaks obtained from 94.9/5/0.1 acetonitrile/water/acetic acid. The
remaining polymers need to be analyzed before a set procedure for imprinting quaternary
ammonium salts can be established.

4.4.4 Conclusions
The polymer using the 5.0% benzyltrimethylammonium methacrylate and 94%
EGDMA formulation has been shown to bind benzyltrimethylammonium methacrylate
longer than benzyltributylammonium methacrylate. While the remaining polymers should
be analyzed with 94.9/5.0/0.1 MeCN/H2O/HOAc as the mobile phase before any
conclusions are made, the preliminary results indicate that quaternary ammonium salts
can be used as templates in molecular imprinting. Future work on the project will focus
on analyzing the remaining polymers and imprinting chiral quaternary ammonium salts
and other quaternary ammonium salts of environmental interest, such as diquat and
paraquat.

4.4.5 Experimental
4.4.5.1 General
Ethylene glycol dimethacrylate (EGDMA, Polysciences) was distilled in vacuo
(94°C) over boiling chips prior to polymerization. Unless otherwise noted, chemicals
were purchased from Aldrich. All solvents were purchased from commercial sources and
used as purchased. Reactions were monitored by thin layer chromatography and
visualized using UV light. Column chromatography was carried out with Flash Silica gel,
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32-63 µm, from Science Adsorbents, Inc. All yields were determined after purification.
NMR spectra (1H and 13C) were obtained on a Bruker AC – 250 Spectrometer. Chemical
shifts are given in ppm relative to CDCl3 (7.27 ppm, 1H; 77.00 ppm, 13C) unless noted
otherwise.

4.4.5.2 General polymerization procedure
The mole percent of quaternary ammonium salt used for each formulation is
shown in Table 4.4, based on a total of 21.5 mmol for the entire formulation. The
quantitative formulation of the first entry of Table 4.4 is provided here as an example. In
a borosilicate scintillation vial, 0.387 g (1.10 mmol, 5 mole %) of the quaternary
ammonium salt was dissolved in 4mL of chloroform. 4.0 g (20.18 mmol, 94 mole %)
EGDMA, and 0.085 g (0.215 mmol, 1 mole %) AIBN was added to the solution. The
control polymer was formulated in a similar fashion, without introduction of a template
molecule. Each solution was separated into three 13 mm x 100 mm screw-cap tubes. The
solutions were purged with nitrogen for five minutes, capped, and then sealed with
Teflon tape and parafilm. The samples were placed into a photochemical turntable reactor
(ACE Glass Inc.) which was immersed in a constant temperature bath. A standard
laboratory UV light source (a Canrad-Hanovia medium pressure 450 W mercury arc
lamp) jacketed in a borosilicate double-walled immersion well was placed at the center of
a turntable holding the samples. The polymerization was initiated photochemically at 20
°C and the temperature maintained by both the cooling jacket surrounding the lamp and
the constant temperature bath holding the entire apparatus and the polymerization
allowed to proceed for 10 h. The polymers were extracted with methanol using a Soxhlet
apparatus for 24 hours to remove the template, porogen, and any unreacted material. The
control polymer was made using the same procedure but excluded the L-phenylalanine
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methylester. The polymers were ground using a mortar and pestle, the particles were
sized using U.S.A. Standard Testing Sieves (VWR), and 20-25 µm sized polymer
particles were collected and used for chromatographic studies.

Benzyltrimethylammonium 2-methylacrylate (4.23) Benzyltrimethylammonium hydroxide (5.0 g, 29.9 mmol) was placed into a round bottom flask with dry
DMF and molecular sieves (7.0 g). Methacrylic acid (2.53 mL, 29.9 mmol) was added to
the flask and stirred overnight. The molecular sieves were filtered off and the mixture
was dried in under vacuum. After purification, the resulting salt was obtained in 70.9%
yield. 1H-NMR (250 MHz, CDCl3). δ 7.5(m, 5H), 5.9(s, 1H), 5.3(s, 1H), 4.9(s, 2H),
3.4(s, 3H), 2.0(s, 3H). 13C-NMR (62.9 MHz, CDCl3). δ 193, 133, 131, 129, 128, 119, 70,
53, 24.

Benzyltributylammonium 2-methylacrylate (4.26) Amberlyst A26(OH) resin
(20 g) was slurry packed with methanol into a flash chromatographic column.
Methacrylic acid (60.9 g, 707.4 mmol) was dissolved in methanol and eluted on the
column to exchange the hydroxide anion on the resin with methacrylate anion.
Benzyltributylammonium iodide (2.0 g, 403.39 mmol) was then eluted down the column.
The subsequent mixture was then evaporated to dryness to yield
benzyltributylammonium methacrylate in 61.4% yield. The presence of iodine in the
product was ruled out via the silver nitrate test. 1H-NMR (250 MHz, CDCl3). δ 7.4(m,
5H), 5.7(s, 1H), 5.1(s, 1H), 5.0(s, 2H), 3.3(t, 6H), 2.0(s, 3H), 1.8(m, 6H), 1.4(m, 6H),
1.0(t, 9H). 13C-NMR (62.9 MHz, CDCl3). δ 174, 146, 132, 130, 129, 128, 116, 63, 58, 24,
21, 20, 14.
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CHAPTER 5. PALLADIUM CATALYZED CROSS-COUPLING OF
DIAZONIUM SALTS
5.1 Introduction to Palladium Catalyzed Cross-Coupling Reactions
Palladium catalyzed cross coupling is an important class of reactions for the
formation of carbon-carbon bonds.114 One such strategy for cross coupling involves the
reaction given in Scheme 5.1, where M is a metal, X is a good leaving group, and R is an
aryl group. Many aryl-metals combinations have been used in this reaction, but tin,
boron, and silicon have been the most notable. Organotin reagents are problematic due to
their toxicity and sensitivity to light, air, and water.115 Much of the focus has been
centered on the use of organoboranic acids116, which provide good yield of the crosscoupled products, can accommodate a wide variety of functional groups, and are tolerant
of light, air and protic solvents. Drawbacks with the organoboranes include limited
availability, difficulties of purification, and lack of general utility for multi-step organic
synthesis.
Organosilanes are non-toxic, compatible with most organic solvents, used in
multi-step synthesis, and often impart good solubility characteristics to the parent
compound; however, they are limited in there use for cross coupling due to their low
reactivity.117 This can be overcome by using a fluoride ion activator. This activator

Scheme 5.1: General Reaction Scheme for Palladium Catalyzed Cross Coupling

Ar-M

+

Pd

Ar'-X

Ar-Ar'

Scheme 5.2: Palladium Catalyzed Cross Coupling of Organosilanes with Aryl Halides
Br

R

Pd(OAc)2
PR'3
PhSi(OR'')3
TBAF
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Ph

R

Scheme 5.3: Palladium Catalyzed Cross Coupling of Arenediazonium Salts with
Phenyltrimethylsilane
R

N2+BF4- + Me3Si

PdCl2
R
MeOH,Reflux

a. R= NO2
b. R= Br
c. R= CH3
d. R= OCH3
e. R= NEt2

promotes the silane into a hypervalent silicon intermediate that facilitates cross coupling
reactions. An example of this type of type of reaction is given in Scheme 5.2.
The Spivak research group has discovered a new type of cross-coupling
mechanism that utilizes ligandless palladium to cross couple aryldiazonium
tetrafluoroborate salts with phenyltrimethylsilane without the use of a fluoride ion source
(Scheme 5.3).118 The proposed catalytic cycle for this mechanism is believed to be an
electrophillic aromatic substitution (Scheme 5.4). Path B illustrates the widely accepted
catalytic cycle for the cross-coupling reaction. The transmetallation step of this cycle
involves a four-centered σ-bond metathesis. One of the key differences of the two
catalytic cycles is the presence of cationic palladium intermediate present in Path A. This
intermediate, along with the use of aryldiazonium salts, appears to lead to increased
reactivity of phenyltrimethylsilane. Another key aspect of the proposed catalytic cycle is
the presence of a β-cation, which is stabilized by the silicon119, on the
phenyltrimethylsilane palladium compound.
To expand on the scope of the reactions involving cationic palladium species, a
study into the cross coupling of other π-electron donating groups was conducted. In
addition to Pd coupling of two aryl moieties, a newer reaction being developed is the
addition of aryl groups to enol ethers using palladium to catalyze the synthesis of α-aryl
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Scheme 5.4: Proposed Mechanism for the Cross Coupling of Phenyltrimethylsilane with
Arenediazonium Salts
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Scheme 5.5: Proposed mechanism for the cross coupling of 1-phenyl-1-(trimethylsiloxy)ethane with arenediazonium salts
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ketones.120 Sakakura121 has reported the formation of α -aryl ketones using silyl enol
ethers as stable reagents for palladium catalyzed coupling with arenediazonium
tetraphenylborate salts (arenediazonium tetrafluoroborate salts were found to be
ineffective). Problems with this system are that arenediazonium tetraphenylborates are
explosive and the yields were most often lower than 2%. To investigate if silyl enol ether
would cross couple via the ligandless cationic palladium developed for the biaryl
coupling of arenediazonium salts, 1-phenyl-1-(trimethylsiloxy)-ethane was cross coupled
with various arenediazonium salts. The proposed mechanism hypothesized to give
coupled products is shown in Scheme 5.5. The next section will describe efforts to
develop this reaction.

5.2. Silyl Enol Ethers
5.2.1 Palladium Catalyzed Cross-Coupling of Arenediazonium Salts with Silyl Enol
Ethers
5.2.1.1 Synthesis of 1-Phenyl-2-p-tolyl-ethanone
Using the same catalytic system that Thatte and Spivak122 established for biaryl
coupling, synthesis of 1-phenyl-2-p-toyl-ethanone was investigated (Scheme 5.6).
Palladium (II) chloride gave a 0% yield of the desired product, therefore other ligandless
palladium catalysts were explored (Table 5.1), with only palladium (II) acetate showing
any product formation. Since initial yields using Pd(OAc)2 as the catalyst were in the
range of 12-22%, two experiments were run in order to improve yields (Table 5.2). First,

Table 5.1: Synthesis of 1-phenyl-2-p-tolyl-ethanone using different ligandless palladium
catalysts.
Diazonium Salt
Pd catalyst
Percent Yield of 5.3 Percent Yield of 5.4
PdCl2
0
0
5.2
Pd(OAc)2
22.2
39.5
5.2
Pd2(dba)3
0
0
5.2
Pd(dppf)
0
0
5.2
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Scheme 5.6: Synthesis of 1-Phenyl-2-p-tolyl-ethanone
OSi(CH3)3

Pd catalyst
+

N2BF4
O

5.1

5.2

5.3

5.4
the addition of excess silyl enol ether (3x and 5x) only improved yields slightly (30 and
24% respectively). Second, the use excess diazonium salt (3x) was investigated, but
resulted in decreased yields (15.9% versus 22.2%) of the α-aryl ketone. Therefore the
optimal conditions for the reaction were found to be one equivalent of diazonium salt and
silyl enol ether. The reaction also yielded a biaryl cross coupled product of the diazonium
with itself (Table 5.2). The formation of the homocoupled product is a completing side
reaction that leads to the low yields of the heterocoupled product.

Table 5.2: Percent Yield of 1-Phenyl-2-p-tolyl-ethanone
Equivalents of
Equivalents of Silyl
Percent Yield of
Diazonium Salt
Enol Ether
5.3
1
3
30.2
1
5
24.2
3
1
15.9

Percent Yield of
5.4
47.9
44.2
28.6

5.2.1.2 Synthesis of Other α-Aryl Ketones
The scope of the reaction was tested with other diazonium salts (Scheme 5.7) to
see if electron withdrawing groups would improve yields. The reaction conditions were
the same as those for the synthesis of 1-phenyl-2-p-tolyl-ethanone. Table 5.3 shows that
none of the electron-withdrawing group substituents investigated improved the reaction
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yields, homocoupled product was suppressed in some and the BR had increased product
yield, just like biaryl coupling.

Scheme 5.7: Synthesis of α-arylketones.
OSi(CH3)3
+

R

N2+BF4-

R

Pd catalyst
O

5.1

5.5-5.9

R

Table 5.3: Yields of α-arylketones
R- Group,
Percent Yield of
Compound
Heterocoupled Product
F3C- (5.5)
1.83
Cl- (5.6)
14.9
-COOH (5.7)
5.04
-NO2 (5.8)
19.0
-Br (5.9)
33.5

R

Percent Yield of Homocoupled
Product
0
40.3
0
0
48.6

5.3 Phenyltrimethylsilane Cross Coupling
5.3.1 Palladium Catalyzed Cross Coupling of Arenediazonium Salts with
Phenyltrimethylsilane
Improvements on previous biaryl coupling reactions were investigated to increase
yields of the desired cross coupled products. Previous work by Thatte, Spivak and
Rushing has shown (Table 5.4) that an excess (2eq. or 3eq.) of diazonium salt and one
equivalent of phenyltrimethoxysilane will lead to increased yield of the desired biaryl
product (Scheme 5.3). To improve upon these results, experiments using 1eq., 2eq., 3eq.,
and 5eq. amounts of diazonium salt and phenyltrimethylsilane were performed;
unfortunately, the resulting (Table 5.5) yields were actually lower than the previously
reported yields.
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Table 5.4: Cross coupling reaction of phenyltrimethoxysilane with 4-methylphenyldiazonium salt from the work of Thatte, Spivak, and Rushing.
Ratio of Diazonium Salt to Silane
Solvent
Conditions
Percent Yield
1:1
MeOH
60oC/4h
34
o
2:1
MeOH
60 C/4h
68
3:1
MeOH
60oC/4h
64
1 22

Table 5.5: Cross coupling reaction of phenyltrimethylsilane with 4-methylphenyldiazonium salt
Ratio of Diazonium Salt to Silane
Solvent
Conditions
Percent Yield
1:1
MeOH
65oC/4h
2.0
o
2:1
MeOH
65 C/4h
8.0
3:1
MeOH
65oC/4h
9.0
o
5:1
MeOH
65 C/4h
4.0
5.3.2 Gas Chromatography Calibration Plot
One of the problems with the palladium catalyzed cross coupling reaction
(Scheme 5.3) is that the heterocoupled product is difficult to separate from the
homocoupled product by flash chromatography (even reverse phase chromatography). To
solve this problem, a GC/MS plot was constructed with phenyltrimethylsilane as an

Ratio( product:internal
standard)

internal standard (Figure 5.1). While the GC/MS plot allowed the yields to be calculated

y = 7.8104x + 0.5273
R2 = 0.9959

14
12
10
8
6
4
2
0
0

0.5

1

1.5

Concentration(mg/ml)

Figure 5.1: Calibration curve for the GC/MS analysis of palladium catalyzed cross
coupling
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quickly, the solution had to be separated by column chromatography prior to injection in
the GC because the internal standard was also a starting reagent.

5.3.3 In Situ Palladium Catalyzed Cross Coupling of Arenediazonium Salts with
Phenyltrimethylsilane
In an attempt to increase the yields of the palladium catalyzed cross coupling of
arenediazonium salts with phenyltrimethylsilane, the diazonium salt was formed in situ
for cross-coupling to the silane (Scheme 5.8). The reaction did not yield any product for
the para-methylphenyldiazonium tetrafluoroborate salt. The phenyltrimethylsilane may
not be stable under the condition needed to from the diazonium salt. This may have lead
to observed experimental results.

Scheme 5.8: In situ formation of cross coupled biaryl species via palladium catalyzed
cross coupling
NH2 + NaNO3

HBF4

PdCl2

H2O, O0

phenyltrimethysilane

5.4 Conclusions
Palladium has been shown to cross couple aryldiazonium salts with
phenyltrimethylsilane in moderate to low yields under mild conditions. Efforts to
improve the reaction yields as well as form the biaryl heterocoupled product in situ were
not successful. Palladium acetate was also found to be a successful catalyst in the cross
coupling of silyl enol ethers to aryldiazonium salts to form α-aryl ketones; but the
reaction was hampered by low yields, which may be attributed to formation of biaryl
homocoupled product of the aryldiazonium occurring faster than the heterocoupling. This
could be caused by the diazonium salt being more reactive than the silyl enol ether.
Future work on the project should involve the improvement of yields by eliminating the
formation of homocoupled byproducts and by use of a more reactive enol species.
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5.5 Experimental
Unless otherwise noted, chemicals were purchased from Aldrich.
Phenyltrimethylsilane was purchased from Gelest. All solvents were purchased from
commercial sources and used as purchased. Arenediazonium salts were prepared by the
documented literature method.123 Reactions were monitored by thin layer
chromatography and visualized using UV light. Column chromatography was carried out
with Flash Silicagel, 32-63 µm, from Science Adsorbents, Inc. All yields were
determined after purification. NMR spectra (1H and 13C) were obtained on a Bruker AC –
250 Spectrometer. Chemical shifts are given in ppm relative to CDCl3 (7.27 ppm, 1H;
77.00 ppm, 13C) unless noted otherwise.

1-Phenyl-2-p-tolyl-ethanone (5.3) (4-Methyl-phenyl)-diazonium
tetrafluoroborate salt (0.50 g, 2.4 mmol) was added to a 50 ml round bottom flask.
Palladium (II) acetate (0.055 g, 0.24 mmol), trimethyl-(1-phenyl-vinyloxy)-silane(0.50
ml, 2.4 mmol) and methanol (10 mL) were added to the flask. The mixture was refluxed
under nitrogen for 1 hr with stirring. The mixture was then quenched with water (50 mL)
and extracted into diethyl ether (4 x 50 mL). The organic layer was then dried with
MgSO4 and evaporated to dryness. The resulting solid was then separated by flash
chromatography (80/20 hexane/ethyl acetate) to give desired product in 13% yield. 1HNMR (250 MHz, CDCl3). δ 8.05(2H, m), 7.50(3H, m), 7.17(4H, m), 4.27(2H, s). 13CNMR (62.9 MHz, CDCl3). δ 198.6, 137.5, 136.8, 133.8, 133.6, 132.1, 131.7, 130.8,
129.2, 129.0, 128.9, 128.7, 121.4, 45.1, 27.0.

1-Phenyl-2-(4-trifluoromethyl-phenyl)-ethanone (5.5) (4-Trifluoromethylphenyl)-diazonium tetrafluoroborate salt (0.63 g, 2.4 mmol) was added to a 50 mL round
bottom flask. Palladium (II) acetate (0.055 g, 0.24 mmol), trimethyl-(1-phenyl-vinyloxy)92

silane (0.50 ml, 2.4 mmol) and methanol (10 mL) were added to the flask. The mixture
was refluxed under nitrogen for 1 hr with stirring. The mixture was then quenched with
water (50 mL) and extracted into diethyl ether (4 x 50 mL). The organic layer was then
dried with MgSO4 and evaporated to dryness. The resulting solid was then separated by
flash chromatography (80/20 hexane/ethyl acetate) to give desired product in 2.0%
yield.1H-NMR (250 MHz, CDCl3). δ 8.03(2H, m), 7.64-7.38(7H, m), 4.38(2H, s).

2-(4-Chloro-phenyl)-1-phenyl-ethanone (5.6) (4-Chloro-phenyl)-diazonium
tetrafluoroborate salt (0.55 g, 2.4 mmol) was added to a 50 mL round bottom flask.
Palladium (II) acetate (0.055 g, 0.24 mmol), trimethyl-(1-phenyl-vinyloxy)-silane (0.50
mL, 2.4 mmol) and methanol (10 mL) were added to the flask. The mixture was refluxed
under nitrogen for 1 hr with stirring. The mixture was then quenched with water (50 mL)
and extracted into diethyl ether (4 x 50 mL). The organic layer was then dried with
MgSO4 and evaporated to dryness. The resulting solid was then separated by flash
chromatography (80/20 hexane/ethyl acetate) to give desired product in 15% yield.1HNMR (250 MHz, CDCl3). δ 8.01(2H, m), 7.51(3H, m), 7.29(4H, m), 4.26(2H, s).

4-(2-Oxo-2-phenyl-ethyl)-benzoic acid (5.7) (4-Carboxy-phenyl) diazonium
tetrafluoroborate salt (0.57 g, 2.4 mmol) was added to a 50 mL round bottom flask.
Palladium (II) acetate (0.055 g, 0.24 mmol), trimethyl-(1-phenyl-vinyloxy)-silane (0.50
mL, 2.4 mmol) and methanol (10 mL) were added to the flask. The mixture was refluxed
under nitrogen for 1 hr with stirring. The mixture was then quenched with water (50 mL)
and extracted into diethyl ether (4 x 50mL). The organic layer was then dried with
MgSO4 and evaporated to dryness. The resulting solid was then separated by flash
chromatography (80/20 hexane/ethyl acetate) to give desired product in 5.0% yield. 1HNMR (250 MHz, CDCl3). δ 7.95(4H, m), 7.51(5H, m), 3.84(2H, m).
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2-(4-Nitro-phenyl)-1-ethanone (5.8) (4-Nitro-phenyl)-diazonium
tetrafluoroborate salt (0.72 g, 2.4 mmol) was added to a 50 mL round bottom flask.
Palladium (II) acetate (0.055 g, 0.24 mmol), trimethyl-(1-phenyl-vinyloxy)-silane (0.50
mL, 2.4 mmol) and methanol (10 mL) were added to the flask. The mixture was refluxed
under nitrogen for 1 hr with stirring. The mixture was then quenched with water (50 mL)
and extracted into diethyl ether (4 x 50 mL). The organic layer was then dried with
MgSO4 and evaporated to dryness. The resulting solid was then separated by flash
chromatography (80/20 hexane/ethyl acetate) to give desired product in 19% yield. 1HNMR (250 MHz, CDCl3). δ 8.19-7.42(9H, m), 4.42(2H, s).

2-(4-Bromo-phenyl)-1-phenyl-ethanone (5.9) (4-Bromo-phenyl)-diazonium
tetrafluoroborate salt (0.66 g, 2.4 mmol) was added to a 50 mL round bottom flask.
Palladium (II) acetate (0.055 g, 0.24 mmol), trimethyl-(1-phenyl-vinyloxy)-silane (0.50
mL, 2.4 mmol) and methanol (10 mL) were added to the flask. The mixture was refluxed
under nitrogen for 1 hr with stirring. The mixture was then quenched with water (50 mL)
and extracted into diethyl ether (4 x 50 mL). The organic layer was then dried with
MgSO4 and evaporated to dryness. The resulting solid was then separated by flash
chromatography (80/20 hexane/ethyl acetate) to give desired product in 34% yield.1HNMR (250 MHz, CDCl3). δ 7.96(4H, m), 7.57-7.17(5H, m), 4.25(2H, s).
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APPENDIX A: NMR SPECTRA FOR CHAPTER 2
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Figure A.1 1H NMR of Compound 2.2.
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Figure A.2 1H NMR of Compound 2.3.
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Figure A.3 13C NMR of Compound 2.3 (r-enantiomer).
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Figure A.4 1H NMR of Compound 2.4.
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Figure A.5 1H NMR of Compound 2.5.
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Figure A.6 1H NMR of Compound 2.6.

107

N
H

Figure A.7 13C NMR of Compound 2.6 (r-enantiomer).
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Figure A.8 1H NMR of Compound 2.7.
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Figure A.9 1H NMR of Compound 2.8.

N
H

Figure A.10 13C NMR of Compound 2.8 (r-enantiomer).
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Figure A.11 1H NMR of Compound 2.9.
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Figure A.12 1H NMR of Compound 2.10.
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Figure A.13 13C NMR of Compound 2.10 (r-enantiomer).
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Figure A.14 1H NMR of Compound 2.11.
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Figure A.15 1H NMR of Compound 2.12.
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Figure A.16 13C NMR of Compound 2.12 (r-enantiomer).
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APPENDIX B: NMR SPECTRA FOR CHAPTER 3
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Figure B.2 1H NMR of Compound 3.2.
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Figure B.4 1H NMR of Compound 3.4.
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Figure B.6 1H NMR of Compound 3.6.
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Figure B.8 1H NMR of Compound 3.8.
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Figure B.10 1H NMR of Compound 3.10.
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Figure B.11 1H NMR of Compound 3.11.
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Figure B.12 1H NMR of Compound 3.12.
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APPENDIX C: NMR SPECTRA FOR CHAPTER 4
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Figure C.1 1H NMR of Compound 4.17
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Figure C.3 1H NMR of Compound 4.23
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Figure C.4 1H NMR of Compound 4.26
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Figure C.6 13C NMR of Compound 4.26
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APPENDIX D: NMR SPECTRA FOR CHAPTER 5
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Figure D.1 1H NMR of Compound 5.3
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Figure D.2 1H NMR of Compound 5.5
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Figure D.3 1H NMR of Compound 5.6
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Figure D.4 1H NMR of Compound 5.7
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Figure D.6 1H NMR of Compound 5.9
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As per your letter dated 6 April 2005, we hereby grant you permission to reprint the
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not be included in your publication/copies.
2.

Suitable acknowledgment to the source must be made, either as a footnote or in a
reference list at the end of your publication, as follows:
“Reprinted from Publication title, Vol number, Author(s), Title of article, Pages No.,
Copyright (Year), with permission from Elsevier”.

3.
Reproduction of this material is confined to the purpose for which permission is
hereby given.
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This permission is granted for non-exclusive world English rights only. For other
languages please reapply separately for each one required. Permission excludes use
in an electronic form. Should you have a specific electronic project in mind please
reapply for permission.

This includes permission for UMI to supply single copies, on demand, of the
complete thesis. Should your thesis be published commercially, please reapply
for permission.
Yours sincerely
5.

Helen Gainford
Rights Manager
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Reproduction of this material is confined to the purpose for which permission is
hereby given.
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This permission is granted for non-exclusive world English rights only. For other
languages please reapply separately for each one required. Permission excludes use
in an electronic form. Should you have a specific electronic project in mind please
reapply for permission.

5.

This includes permission for UMI to supply single copies, on demand, of the
complete thesis. Should your thesis be published commercially, please reapply
for permission.

Yours sincerely

Helen Gainford
Rights Manager
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Dear Sir/Madam
We hereby grant you permission to reproduce the material detailed below
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no charge in your thesis subject to the following conditions:
1.
If any part of the material to be used (for example, figures)
has
appeared in our publication with credit or acknowledgement to another
source, permission must also be sought from that source.Â If such
permission
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publication/copies.
2.
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Reproduction of this material is confined to the purpose for
which
permission is hereby given.
4.
This permission is granted for non-exclusive world English
rights
only.Â For other languages please reapply separately for each one
required.
Permission excludes use in an electronic form.Â Should you have a
specific
electronic project in mind please reapply for permission.
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This includes permission for UMI to supply single copies, on
demand,
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please reapply for permission.
Yours sincerely

Harry Nixon
Rights Assistant
Phone: +44 (0) 1865 84 35 17
Fax: +44 (0) 1865 85 33 33
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127

VITA
Ryan Simon was born in the town of Crowley, Louisiana, on March 5, 1976, to
James and Mary Simon. He graduated from Crowley High School as valedictorian in
1994. He received his bachelor’s degree of science in chemistry at the University of
Louisiana at Lafayette in the Spring of 1999. In the Fall of 1999, he received a Board of
Regents Fellowship to attend graduate school in chemistry at Louisiana State University.
In 2004, he received the LSU Teaching Award. He has five siblings: Adam, Nicholas,
Andrew, Abbie, and Lucas. He is an avid pop culture aficionado, enjoys firearms, and is
obsessed with all things comic books related, especially Zod.

128

